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STRAY CURRENT INTERACTION IN THE SYSTEM OF TWO EXTENSIVE
UNDERGROUND CONDUCTORS

Wojciech Machczyniski
Technical University of Poznan
ul. Piotrowo 3 a

60 - 965 Poznani, Poland

Abstract

The important problem, technically, is to evaluate the harmful effects that an
electrified railway has on nearby earth-return circuits ( cables, pipelines ).

This paper considers the effects of a DC - electrified railway system on two
extensive metal conductors buried in parallel in the vicinity of the tracks.
The interaction between currents flowing in both wunderground conductors is
taken into account, whereas the reaction of the conductors’ currents on the
track current is disregarded. The analysis given is applicable to any DC
railway system in which tracks may be represented by a single earth return
circuit with current energisation. It is assumed in the paper that the system
considered is linear and that the earth is homogeneous. The technical
application of the method is illustrated by an example of computer simulation.

Key terms : interference, stray currents, earth return circuit, electric
traction, computer simulation.

Introduction

There are many practical cases where one is interested in the stray current
influence on underground metal structures. The important problem, technically,
is to evaluate harmful effects (corrosion) that electric traction may have on
nearby installations and to design a protection system. This is a complex task
involving many technical and economic aspects for consideration. The computer
simulation of stray currents effects can be useful tool in this case.

The calculations given in the paper are based on the general solution, which
has been obtained in [1] for currents in two earth return-circuits exposed to
alternating current electric railways. By specialising the driving electric
field, calculation are made and formulas obtained, applicable to the analysis
of currents and potentials along two wunderground leaky conductors laid in a
stray current area.

The electric flow field caused in the earth by stray currents is determined
under the assumption that the system of rails of a DC electrified railway
system is modelled by sections of equivalent earth return circuits lying on
the surface of the homogeneous soil. It is also assumed in the paper that the
system considered 1is linear and that the effects of currents in the
underground installations on the track current can be disregarded.

The knowledge of the potential of the underground metallic conductors caused

by stray currents may be used as one of the criterions participating in the
decisions of planning of routes of underground structures in the stray current
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areas.

The literature on the problem of calculating potentials of metal underground
structures located in an electric flow field does not deal with the
polarisation, treating that phenomenon as insignificant when compared with the
ohm drop of potential [4]. Because of the above and also because of the lack
of analytic methods of calculating the polarisation potential of underground
metal structures being affected by external currents the considerations
presented in the following sections of the paper deal mainly with the ohm drop
of potential.

Scalar potential in the earth due to current in conductor with
earth return

The basic circuit for the calculation of the earth potential is shown in
Fig.1.

The potential due to the segment dr with the current I(t) takes the form

di(t)

dt
dv(p) = dt . (1)

4nx vV (x—'r)2+y2

The distribution of the longitudinal current depends on the mode of the
current excitation in the conductor. In the stray current theory the current
(shunt) energisation [2] of the conductor with earth return lying on the
surface of the earth, Fig.2, is of great importance.

If the conductor with the shunt energisation at point x = X is finite in the

length, the current along the conductor is given by

I —ao| x-xsl o X @« x (2)
I(x)=sign(x-xs)—2-e + Ae +Be
where «, is the propagation coefficient of the conductor, A and B are

constants, which are to determined from the boundary conditions.

The insertion of eqn.{(2) into eqn.(1) and integrating gives the relation of
the potential in the earth owing to the current flowing in the conductor with
the current energisation. This relationship is  numerically solved only.
Efficient techniques of calculation have been applied in the computation
aigorithm developed.

Model of an electrified railway system
The system shown in Fig.2 may be used to the modelling of the DC electric

railway system for the case of concentrated load, as in Fig.3.
In this system tracks are represented by a single conductor - equivalent to a
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rail continuously in contact with the earth through the track ballast. The
conductor is energised with the currents Is and —Is by a feeder station and

a load at points x = 0 and x = a , respectively.

It should be noted that the basic model may be applied directly by
superposition if there are a number of loads to be considered. The computation
of the earth potential near an electrified railway system of a complicated
configuration is also possible by the use of the elementary model.

Currents in the system of two underground conductors
The elimination of the potentials in equations for potentials and currents

along two wunderground conductors gives a non-homogeneous 2-nd order system
of differential equations

1 dzll(x) 1 dzlz(x) .
T ad T e TR
(3)
1 dzll(x) 1 dzlz(x) o
12 dx 2 dx

where Ez(x) is the intensity of a primary, driving electric field, Rn -
series resistance, Gn - shunt conductance of the conductor n ( n =1, 2) and

G12 - mutual conductance between conductors (S].

It is easy to solve this system of equations using the Fourier integral if the
conductors are assumed to be infinitely long. It is shown in [1] that if the
electric field within the wunderground conductor n results in a scalar

potential Vg, the currents along both conductors become

2 2

a G o ©
© 0z 1 2 o - |x=v|
11 (x) = {(1— ) [ sign(x-v) V (v) e dv +
2 2 2 1
2(1-2) (e -a) « )
12 02
2 2
® o —al|x-v| Gz * @ o —azlx-vl
-(1- "—2')[ sign(x-v) Vl(v) e dv + - [sign(x—v) Vz(v) e dv
o Yoo G o
o 12 02
G az ©
2 1 o o |x-v
- [sign(x—v) Vz(v) e dv } , (4)
12%02
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az G az ©
© o1 2 2 o -a2|x-v|
L (x) = (1- ) | sign(x-v) V_(v) e dv +
2 2(1-0) (a2 o ila 2
1 2 o1
2 2
«® o -al|x-v| Gl «, ® o -az|
- (1- -—2)[ sign(x-v) Vz(v) e dv + — [sign(x—v) Vl(v) e
a’ ‘o «
12 ot
2
Gl = o -al|x-v
- " [sign(x-v) Vz(v) e dv}
x 0
12 o1
where
o ol +a’ # v/(ot2 +a? )2-a(1-2)a? ol
1 } - oL 02~ o1 02 01 02
2 »
o« 2(1-2a)

where @ is the propagation coefficient of the conductor n.

coupling coefficient A, appearing in the equations, which is

the interaction between the conductors is defined as

GG
172

2
G
12

The integrating of eqn.(4) yields

I o’G
° s on
In(x) = P [Am\ll(aox.aosl) + Anz\P(aox.aosz) + AmW(alx.alsl) +
2nk(1-2) (a N —az)
+ Am'll(alx.alsz) + Ans\P(azx.azsl) + Am\l((azx,azsz)], n=12 7
where
2 2,,.2 2 2 2, 2 2 2
(ml--czz)(mo2 ao) Gz(al-az)ao (cr.o2 al)
= i A = ; = ;
11 2 2,,.2 2 12 2 2.,2 2 13 2 2
(m1 ao)(az ao) (':lz(ml-mo)(m2 ao) (otl ao)
2 2 2
Gza (“2 “oz) Gz %
AW G (a?-a?) ; 5 (o -a?) ; 6 G (a®-a?) ; (8)
121 o0 2 o 122 o

227

the measure of

x-v|
dv

(S)

The conductive

(6)




2 2 2 2
G} (am ao) Gl (am-al)
2 Alz I 22 Au 2 2, ' 23 Au o 26 13 2 2, °
G ( -a’) G (” ~a®)
2 02 © 2 02 1
2 2
G, () -a,)
A=A — ;A = H
25 16 26 15 (az —a? )
2 2 02
whereas
s=vd®+a’? ;, n=12 (9)
n n n
where :
dn - burial depth of the conductor n , a, - horizontal distance between the

equivalent rail and the underground conductor n.

The voltage to the adjacent earth of the underground conductor n may be
obtained from the relation [1]
«©
) 1 dln(x)
Un (X)=-5._T’ (10)
in
where Gin is the conductance of insulation of the conductor n.

Hence, the voltages to the adjacent earth of conductors 1 and 2, caused by

the effects of the stray current flowing out of the equivalent rail shown in
Fig.2, take the form

s n

U%x) = [Aaﬂ(ax,as)+AaQ(ax,as)+

n 2 2 nno o°'o01 nzo o0°'o02
Zux(l—k)(al-az)Gin

+ Qo X, S + A aflfa s + A oafllaxas +
Ansal(l'll) n41(1x’a12) nsz(z’21)

+ An6a29(a2x.oczsz) - (Am + Am + Ans) -1 + (1)
VN
1 =
-(An2+An4+An6)_] »n =12
2 2
X"+ s,

The functions Q and ¥ appearing in the equations (7) and (11) are defined
as follows (2,3] :

(12)
=72

Q (u,v) 1 _ u
} [ e U ¥(u,v) t e 0(—u.v)]
¥ (u,v)
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where

] -T
® (uv) = I —_— dz . (13)
-u tz + Vz

Voltages to the remote earth (potentials) along the conductors under
considerations, may be obtained from the relations [1]

G G
o i1 i2
Vl(x) = Vl(x) + Ul(x) Gl + Uz(x) ze ,
(14)
G, G
o i i2 .
Vz(x) = Vz(x) + Ul(x) ze + Uz(x) Gz

Conductors finite in the length

To solve the problem of the conductors finite in the length and terminated
through the earthing electrodes at their end points, consider the homogeneous
system of differential equations, which is obtained from the system (3) with
E°
n

result the biquadratic equation (15) for the current I1

= 0. The elimination of the current I2 from these equations gives as the

1-2 d'1 (x) o« +a® d%1(x) GRR
1 02 01 21 2
- — - _ —+———21(x) =0. (15)
G a dx G a dx o
1 02 1 02 02

Thus the solution for the current Ix has the form

rx r,x r x r X
I(x) = Ae +Ae + Ae +Ae (16)
1 1 2 3 4

where r - r, are the roots of the characteristic equation of the eqn.(15) and

4

Al - A‘ are arbitrary constants. It is easy to show, that

r =a,r =-a = q r =-uo . 17
1 1’ 2 1' Ta 2’ 4 2 an

The current Iz(x) can be next obtained from the equation (18)

« X o X ) « X - X )
Iz(x) = (Ale +A2e )(Clal+Cz)+(A3e +A4e )(Claz-rcz) (18)
and

Glz(l-h) Rl(.'y12

C = == ———— , C = (19)
1 2 2 2
G a o
1 02 02

The complete solution of the non-homogeneous system of differential equations
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(4), for the case of the conductors finite in the length, is assumed to have
the following form

Ifix) = 1I%x) + 1 (x) n=12 . (20)
n n n

From the mathematical point of view I: is the particular solution of the
system (3) and In is the general solution of the homogeneous system of

differential equations.

The potentials along the conductors are

, 1d1f (x) 1 dif(x)
Vi) = - —— - 2
1 G dx G dx :
1 12
(21)
f f
v,f(x)___idll(x) ) 1 dlz(x)
2 TG dx G dx
12 2

The constants which appear in the solution can be obtained from the boundary
conditions

't i3 ’f 'f
Vl (xl) Vl (xz) V2 (xa) V2 (x‘)

ZB= Z= - ZD= (22)

Z=-
A

f ' f : c f ' £ )

Il(xl) Il(xz) Iz(xs) Iz(x‘)

The potentials to the adjacent earth ( ohm drop of potential ) can be next
derived from the realtion

f
i dln(x)

f —
Vn(X)—‘—G;nT. n=12 . (23)

Computer results - example

The usefulness of the computation algorithm developed shall be demonstrated by
the example of conductors buried in a stray current area, Fig.4.

The following conductors buried in the soil with the conductivity x = 0.01
S/m have been considered :
(i) conductor 1 - pipeline with parameters r= 0.3 m, dl = 1.4 m, Rl =0.013

Q/km, Gll =1 S/km,
(ii) conductor 2 - cable with parameters r, = 0.03 m, d2
/km, Glz 0.1 S/km.

The lengths of the pipeline and the cable are 5 km . The distance between the
conductors is 5 m. The pipeline is terminated through the earth electrodes
Z =7Z =11q (x1 =X, = - 2.5 km ; X, =X, = 2.5 km). The cable is earthed

0.8 m, R2= 0.737

A B
through the resistances Zc =1 Q, ZD = 4 Q. The tracks of the DC electrified

railway system have been approximated by an equivalent earth return circuit
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with ao = 0.123 1/km. The current of the feeder station is Is = 500 A.

The calculated maximum voltages between the conductors and the adjacent earth
are shown in Fig.5. The voltages are ploted as functions of the horizontal
distance between the conductors and the equivalent rail. The primary earth
potential of the electric flow field is also shown in this Figure. The
calculations have been carried out for the worst case, i.e. when the loads are
far away from the feeder station.

Fig.5 shows that the voltages U between the conductors and the sorrounding
soil exceed, even for the remote localisation of the conductors, the tolerable
corrosion limit i.e. + 100 mV according to the German standard [4]. The
protective measures should be undertaken to avoid the stray current -corrosion
of the conductors.

Final remarks

A computer program has been developed for the calculation of the potential
distribution in a system of underground metal installations buried in a stray
current area.

The computer simulation of the harmful effects that the DC electric traction
may have on nearby underground structures may be useful in planning of
localisation of the installations affected by stray currents and in designing
the protective measures against the stray current corrosion as well.

The extensive parametric analysis to examine the roles of various factors

which affect the interference levels caused in extensive metal underground
conductors by stray currents may be performed using the method dcscribed.
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Abstract

Field testing has been carried out on the Brazilian continental
shelf at depths down to approximately 800 m, using mooring
systems to evaluate corrosion and corrosion protection. Zinc
anode/cathode assembles with different cathodic current
densities were exposed for 14 months at depths of 300, 400, 500
and 770 m to establish preliminary design data for cathodic
protection in deep waters. The paper presents measurements of
the effects of depth, current density, and the physical and
chemical parameters of seawater on the formation of calcareous
deposits. This preliminary investigation was limited to
quantitative results.

Key terms: calcareous deposits, polarized steel, deep water.
Introduction

Each vyear Brazilian offshore cil production moves into deeper
and deeper waters. In the near future, discoveries of oil fields
in very deep water will require the location of facilities at
water depths of over 1,000 m. Consequently, the nature and
characteristics of calcareous deposits formed under high
hydrostatic pressure are of prime interest to the corrosion
engi. eers responsible for protecting equipment.

Studies of the calcareous deposits formed during the cathodic
protection of steel in seawater have focused on the effects of
applied potentiall!, current density2’3’%, and water flowl’ 5
on the properties of the deposits, but 1little information
is available on the effects of depth. This parameter influences
the formation of the calcareous deposit since it affects pH,
dissolved oxygen, and temperature and, consequently, the
solubility of the CaCO0, and Mg(OH), on the steel/seawater
interface.

At present, the correct design of cathodic protection procedures
based on the use of galvanic anodes is achieved by applying an
initial high-density current to promote rapid cathodic
polarization and the formation of calcareous deposits.
Well-formed deposits reduce the velocity with which the oxygen
dissolved in the seawater diffuses to the steel surface, thereby
sharply reducing the current density needed to maintain
polarization. A thorough wunderstanding of the physical and
chemical characteristics of seawater as a function of depth and
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of the water's long-term effects on cathodic polarization is
necessary to optimize design parameters in deep water cathodic
protection. Jince the values of these parameters vary not only
with depth but also with geographic location and exposure time,
long-term in-situ testing is necessary to establish the proper
design criteria for deep water cathodic protection.

This paper examines the effects of depth, current density, and
the physical and chemical parameters of seawater on the
formation of calcareous deposits in Brazilian deep waters.

Experimental

A mooring systvem was installed in the Albacora Field of the
Campos Basin (Rio de Janeiro) to carry out in-situ testing.
Equipment design and operational details are presented in
earlier papers®’7,

Test specimens were placed at water depths of 300, 400, 500, and
770 m and were left exposed for about 14 months. Twelve
anode/cathode assemblies were placed at each depth to evaluate
cathodic protection. Two of every twelve assemhlies were left
unconnected and were assessed for corrosion at the end of the
test period. Five initial current densities were specified for
the other ten assemblies placed at each depth: 50, 100, 200,
300, and 400 mA/m?. The cathodic protection system is presented
and assessed in another paperS$.

Environmental Conditions

Although the vertical structure of the sea currents in the
Campos Basin 1is quite complex, it is possible to identify some
characteristics that appear to represent stationary or dynamic
equilibrium conditions. The strongest currents are observed in
the surface layer (0 to 100 m) and wusually run toward the
southern quadrant; their average flow varies from 0.15 to
0.70 m/s. The Brazilian current is located at a depth of around
100 to 300 m but may run the entire length of the water column
(down to 700 to 800 m); it is usually observed flowing toward
the southern quadrant as well, at an average rate varying from
0.05 to 0.32 m/s. The Brazilian countercurrent 1is generally
observed below a depth of 300 m but at times may reach the
surface. It flows toward the northern quadrant, varying from WNW
to ENE, at average rates of 0.07 to 0.26 m/s (Fig. 1).

Environmental parameters pertinent to this study are shown in
Figures 2 through 5.

Results

Following the exposure period, test specimens with an initial
current density of 200, 300, or 400 mA/m? displayed
protection®. Deposits removed from the samples were chemically
analyzed. The atomic absorption spectrometry technique was used
to measure Ca and Mg contents at the various current densities.

Figure 6 shows percentages of calcium as a function of the
applied current density and of depth, while Figure 7 shows
magnesium contents as a function of these same two parameters.
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Figure 8 shows concentrations of Ca + Mg as a function of the
current density initially applied, at different depths.

Discussion

The environmental parameters that affect the deposition and
quantity of calcareous deposits and whose values vary with depth
include sea currents, dissolved oxygen, temperature, salinity,
and pH. It is of course very difficult to identify the effect of
a single parameter since they are all interdependent.

In relation to the environmental conditions at the test
location, the variations in oxygen content, salinity, and pH
detected at these four depths were not significant enough to
permit correlations with the quantify of calcareous deposits
obtained. The parameters displaying greatest variations were
temperature and sea currents.

As can be seen in Figure 6, Ca content generally increased with
depth and more intensely so at greater initial current densities
(i.e., 300 and 400 mA/m?). At all depths, the concentration of
Ca grew with current density. At all specified current
densities, the highest Ca values were observed at 700 m. With a
current density of 300 mA/m?, a sharp elevation in Ca occurred
at a depth of 770 m; with 400 mA/m?, a sharp elevation was
observed at all depths.

Variations in Mg content were not wuniform as a function of
either depth or current density (Fig. 7). The highest values
were obtained with a current density of 200 mA/m2, at all
depths. O0Of the current densities that resulted in protection,
the lowest Mg contents were observed with 400 mA/m?, again at
all depths.

As to Ca + Mg content - a parameter wused by Finnegan and
Fisher?, the effects were practically identical at depths of
300, 400, and 500 m with current densities of 200 and 300 mA/m?,
At 770 m there was a pronounced increase in the concentration of
Ca + Mg, especially with current densities of 300 and 400 mA/m?.

Figure 8 shows a significant increase in the Ca + Mg deposit at
400 mA/m?, at all depths. This result confirms tests conducted
by other researchers, who concluded that an initial current of
over 350 mA/m? is needed to form a gnod calcareous layer and,
further, that the quantity of calcareous deposits formed
increases with increases in current density?2,

It has been found that the solubility of calcium carbonate
increases as temperature drops, and the solubilities of calcite
and aragonite increase with increases in water depth. 1In this
study, however, calcium content generally increased with depth,
thereby reinforcing Hartt's recommendationl!? that the role of
the calcareous deposit in polarizing structures be assessed at
each location.

The tformation and growth of calcarecus deposits depends heavily
on the flow of sea currentsl. While calcareous deposits may
develop very slowly at locations where currents are strong,
relatively thick deposits will form in calm waters 3. The
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present experiment observed the effect of water flow, associated
with high current densities, on the formation of deposits.
Indeed, the greatest concentrations of Ca + Mg were obtained at
700 m, where lowest flowrates are observed; even at lower
current densities (i.e., 200 and 300 mA/m?), Ca + Mg contents
were also higher at 700 m than at other depths.

Temperature can have different effects on calcareous deposition
and can influence diffusion, solubility, adsorption, or other
parameters!!., In the present study, however, water flow
appeared to have the greatest effect.

Conclusions

Quantitative data on calcareous deposits were obtained at four
depths and five initial current densities, following 14 months
of field testing on the Brazilian continental shelf. Results
indicate that:

1. Water flow had the greatest effect on the formation of
calcareous deposits.

2. A high initial current density <clearly favored the
formation of a denser calcareous layer.

3. Concentrations of Ca generally increased with depth, which
means that in-situ tests should be conducted to clarify
questions concerning the formation of calcareous deposits
in very deep waters.

4. The slower rate of flow observed at 770 m must have
contributed to the formation of a denser layer of Ca + Mg,
even at lower current densities (i.e., 200 and 300 mA/m?).
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The Isolator/Surge Protector: A Superior Alternative
to Polarization Cells

Tom Scharf
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Abstract

Cathodically protected systems utilizing impressed DC current
have for years used polarization cells to simultaneously
isolate and ground structures being protected. The old polar-
ization cell technology is in conflict with current concerns
for worker safety and the environment. Dairyland Electrical
Industries has developed a solid-state product which can be
used to replace (or in place of) polarization cells. This
paper will describe the device and its application.

Introduction

The Isolator/Surge Protector (ISP) is a solid-state device with
logic-controlled circuitry which simultaneously provides DC
isolation and AC continuity; common requirements for protective
devices used with cathodically protected systems. 1Its use is
intended for safe electrical isolation of:

°Systems subject to 60 Hz power system faults. The ISP diverts
these faults to ground, preventing unsafe AC voltage on the
cathodically protected structure.

°Systems which are coupled to an AC source. The ISP provides a
low impedance path to ground for AC current, preventing poten-
tially hazardous AC voltage from being developed on the struc-
ture.

°Systems subject to lightning and/or switching transients.

It is important to recognize that cathodically protected
systems which are not part of a power system may still be
subject to the voltages and fault currents associated with
power systems. For example, pipelines which are adjacent to
power lines are subject to fault currents and induced voltage
due to inductive and/or capacitive coupling.

Typical applications include cathodically protected:l

°Pipelines (Including insulated flanges)

lReference Appendix A for application examples.
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°High-Voltage pipe-type or lead-covered cable
°Power Plants
°Fueling Facilities

How the ISP Functions

The Isolator/Surge Protector achieves both isolation and
protection by presenting a significantly different impedance to
DC versus AC. Under steady-state ("normal") conditions, the
ISP has extremely high impedance to DC and low impedance to AC.
This mode is always in effect unless the voltage across the
terminals of the ISP exceeds a predetermined level. This level
is selected at 10.0 volts peak for most applications.

When the voltage across the terminals of the ISP attempts to
exceed 10.0 volts peak, the DC and AC impedance both drop to
extremely low values and the ISP effectively becomes a short
circuit. This prevents high voltage--potentially dangerous to
personnel or equipment--from occurring between the two points
to which the ISP is connected. The peak voltage across the ISP
just prior to transition to its "shorted"” mode is 12.5 volts.
Typical situations which would cause the voltage to exceed this
transition level include 60 Hz fault currents or
lightning/switching transients. When the absolute value of
voltage drops below the 10.0 volt 1level, the device
automatically reverts to its normal operating mode (blocking
DC, conducting AC).

An ISP model should be selected so that under steady-state con-
ditions the voltage across the ISP terminals is never more than
10 volts peak?. The peak voltage is the sum of DC voltage and
the peak value of the AC voltage as measured between the ISP
terminals. The peak value of the AC voltage is the AC-RMS
value (as measured with a typical voltmeter) times the N2

Why Isolation is Desirable

Isolation is desirable because it prevents the flow of DC cur-
rent from the structure being protected, thus minimizing the DC
current required for corrosion protection, and thereby reducing
cathodic protection costs. Isolation also minimizes the
effects of stray currents which may cause a structure to
corrode at a faster rate.

27his 10 volt maximum does not limit the ISP from handling vol-
tages significantly higher than 10 volts, because even voltages
exceeding 100 volts will be reduced to only a few volts across
the terminals of the ISP when it is properly selected and in-
stalled. Refer to Appendix A for details.
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Product Features and Characteristics

Solid-State Design: Eliminates the use of potentially
hazardous electrolytes and eliminates routine maintenance
requirements.

Over-Voltage Protection: Significantly limits
personnel and equipment may be exposed to.

voltage that

Fail-Safe: If subject to currents in excess of rating which
would cause failure, failure will occur in the shorted mode (AC
and DC impedance low).

Number of Operations: Virtually unlimited under maximum 60 Hz
and I2t ratings, provided the operations are not repetitive.

Field Testing: May be partially field tested with a standard
AC/DC multimeter and clamp-on AC ammeter to verify operability.
Comprehensive testing in-situ is possible when the "Test Point"
option 1is specified, and a custom designed field tester is
purchased or rented from Dairyland Electrical Industries.

Enclosure: Enclosures are offered in 14 gauge #304 stainless
steel and are suitable for submersible and non-submersible ap-
plications. A valve fitting is provided on all enclosures for
factory leak testing purposes. All enclosures are 100% leak
tested when a submersible application is specified. Enclosures
are powder paint coated light gray.

Mounting: The unit is made to mount to a flat surface with two
1/2" diameter bolts furnished by |user. Auxiliary add-on
brackets are available to improve rigidity when mounting to a
round pole. An outline drawing to aid in installation is
provided with each unit.

Size:
60 Hz Rating Code Dimensions
Length Width Height
3 23 9/16" 10 5/8" 8 7/16"
59.8 cm 27.0 cm 21.4 cm
24,35,60 32 7/16" 10 5/8" 8 7/16"
82.4 cm 27.0 cm 21.4 cm
68 36 1/2" 10 5/8" 8 7/16"
92.7 cm 27.0 cm 21.4 cm
Weight: 50 to 115 pounds (23 to 52 kg) depending on model se-
lected.

Energy Requirements: None. The device is totally autonomous.

Ambient Operating Temperature: -40°C to +60°C

+140F) .

(-40°F to




Polarity/Electrical Connection: Polarity marks (- and +) are
embossed on the enclosure above the NEMA3 two-hole terminal
pads to aid in proper connection. Stainless steel bolts, nuts,
and washers are provided.

Product Ratings
60 Hertz Current (Steady-State)

The maximum 60 Hz steady-state current through the ISP that is
allowable while the unit is still blocking DC is determined
from the equation Ipc-gmgs < (10.0 - [VDC]) + N2 x Xc, where Xc

= 0.088 ohms, 0.133 ohms, or 0.265 ohms, depending on model se-
lected.

As the impressed DC voltage increases, the maximum allowable
steady-state AC current must decrease. This is necessary to
keep the peak (i.e., absolute) voltage below 10 volts; the
level above which the ISP ceases to block DC and transitions
from its steady-state impedance (X¢ ) to a wvirtual short
circuit. The relationship between the allowable steady-state
current and DC voltage is graphically illustrated in Figure 1:

1

80
Key:
70 = 0.088 Ohms
Iac-rMS 60 = 0.133 Ohms
Amperes = 0.265 Ohms

50
40
30
20
10

Vpc Volts

Figure 1: Maximum Steady-State 60 Hz AC Current versus DC
Voltage

The allowable value of AC-RMS current at Vpc = 0 has been
incorporated into a rating code as a means of selecting the
appropriate steady-state current rating. The right column of
the following rating code table (Vpc # 0) provides the same
information as Figure 1 above.

3National Electrical Manufacturers Association.
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"D" Code Max. 60 Hz Steady~State Current (Amperes AC-RMS)

@ Vpc =0 @ Vpc # 0
26 26 26 - (2.6 x Vpc)
52 52 52 - (5.2 x Vpg)
78 78 78 - (7.8 x Vpg)

For example, under rating code 52, if 1.2 volts DC were present,
the maximum continuous 60 Hz current allowable would be:

52 = (5.2 x 1.2 Vpc) = 46 amperes.
60 Hertz Current (Short Duration)

The five 60 Hz short duration {(fault current) ratings are sum-
marized as follows:

"C" Code Max. 60 Hz AC-RMS Amperes, Symmetrical4

3 3,000A @ 1~ 2,700A @ 3~ 2,400A @ 10~ 2,100A @ 30~
24 24,000A @ " 18,000a @ " 14,000A @ " 11,000A @ "
35 35,000A @ " 28,000A @ " 21,000A @ " 14,000A @ "
68 68,000A @ " 55,000a @ " 40,000A @ " 30,000A @ "

Lightning Surge Current

Two lightning surge current ratings are available, with values
of 50,000A or 75,000A crest. These ratings should not be con-
fused with 60 Hz fault current ratings as the waveforms associ-
ated with each are distinctly different and have different ef-
fects. 1In an area with moderate to high incidence of lightning,
the higher rating is suggested.

"A" Code Surge Current Rating

50 50,000 A crest
75 75,000 A crest

These 1lightning surge current ratings are based on an 8 x 20
microsecond waveform considered representative of 1lightning.
(The crest value of current is reached in 8 microseconds after
which the current decays exponentially, reaching one-half of its
crest value in 20 microseconds.)

For Additional Information

Model Number Structure of the ISP: A guide to selecting appro-
priate ratings for any application.

Installation and Operating Instructions of the ISP: Provided

4nv." is the symbol for cycles.
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with each unit. Lists the ratings of the unit, with instruc-
tions on mounting the ISP and conducting simple field tests if
desired.

Summary

The ISP is the only product which provides isolation and ground-
ing with solid-state components and logic-controlled circuitry.
All parameters are precisely defined and readily tailored to
specific applications.

Appendix A
Isolator/Surge Protector Application Examples

The following examples are intended to aid in understanding how
the ISP is applied in representative situations.

A. Cathodically protected systems subject to 60 Hz power system
faults.

A pipeline located in the corridor of an electric utility power
line may be subject to the power system voltage and the availa-
ble fault current during fault conditions, because the pipeline
may be the lowest impedance path back to the current source.
Therefore, even if the pipeline does not physically come in con-
tact with the power line, it may still be subject to system vol-
tage and current. An ISP connected to the pipeline would then
be subject to the system voltage and current.

The power utility can provide information on the available fault
current and the time duration that this current can flow. This
information is necessary to select an ISP with the proper short
duration current (i.e. fault current) rating. For example, if
the available fault current were 10,000 amperes AC-RMS symmetri-
cal for 10 cycles, an ISP with a 60 Hz rating code 24 would be
selected because this is the lowest rating that meets or exceeds
this requirement. (Refer to the "60 Hz Short Duration" rating
information table.) The voltage of the power utility system is
not relevant to the select.on of an ISP rating because an ISP
immediately becomes a "short circuit" to any voltage that at-
tempts to exceed a peak value of 10 volts. The available cur-
rent is the factor that determines the rating.

B. Cathodically protected systems subject to induced 60 Hz vol-
tage.

It is not uncommon for a cathodically protected pipeline located
in an electric utility powerline corridor to have a steady-state
(continuous) voltage induced. Again, even if there is no physi-
cal contact between the power line and the pipeline, the elec-
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tromagnetic field of the powerline can create voltage on the
pipeline. Induced voltages of 100 volts are not uncommon and
represent a potential shock hazard upon contact. Proper appli-
cation of an ISP can reduce this voltage to non-hazardous
levels.

One frequently asked question is "How can an ISP with a peak
voltage blocking level of 10 volts be used in a system which may
have 100 volts available? Doesn't this exceed the capabilities
of the ISP?" The answer lies in the fact that the available
current from a system with induced AC voltage is usually very
limited. This 1limited current flowing through an ISP of
relatively low steady-state impedance (i.e. Xc = 0.088, 0.133,
or 0.265 ohms, depending on model selected) reduces the voltage
to a value determined by "I *Xc," where I 1is the available
induced current and X¢c is the steady-state impedance of the ISP.
(X_ values are not to be confused with the ISP's impedance
during 60 Hz fault/lightning conditions, since the ISP
momentarily becomes a short circuit to provide safe, immediate
grounding in such conditions.)

For example, assume that the voltage on a cathodically protected
pipeline is 100 volts AC-RMS and that the maximum available cur-
rent is 15 amperes AC-RMS when the pipeline is shorted to the
same ground connection to which the ISP would be connected.
This means that the equivalent internal resistance of this
voltage source is 6.67 ohms (because 100V <+ 15A = 6.67 ohms).
Since the impedance of the ISP is negligible compared to the
voltage source resistance, it will not affect the available
current; therefore the available current can be assumed to
remain at 15 amperes. The voltage across the ISP terminals
becomes I-Xc.

Steady-State Voltage Across ISP Terminals For I = 15 A AC-RMS

For Xc = 0.265 Ohms 0.133 Ohms 0.088 Ohms
I-Xc = 3.98 Volts-RMS 2.0 Volts-RMS 1.32 Volts—-RMS
I-Xce V2 = 5.63 Volts peak 2.83 Volts peak 1.87 Volts peak

Note that the voltage across the ISP has been reduced to a small
fraction of the original 100 volt value, thereby illustrating
how a protective device with a 10 volt blocking level can be
used on a system with significant levels of open-circuit
voltage. For this example, the maximum DC voltage that could
also be impressed across the ISP, due to impressed cathodic
protection voltage and stray DC, would be 4.37 volts, 7.17
volts, and 8.13 volts respectively; this is determined by
subtracting the peak AC voltage across the ISP from its 10 Volt
blocking rating. Note that all references to the 1. volts
blocking level always pertain to "peak" or "absolute" voltage;
not PMS values as measured with a typical voltmeter.
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Another key factor to consider is that the voltage developed
across the ISP is not necessarily the voltage that a person
would experience by making contact with this pipeline. The
reason is that a person contacting the pipeline has internal
resistance as well as resistance to the ground connection point
for the ISP. Further, these parameters can vary with distance
from the point at which the ISP is installed. In addition,
there is resistance from the ISP ground connection point to true
earth ground and from the pipeline to true earth ground. Many
different factors affect these various resistance values and
therefore affect the actual voltage that a person may
experience. As a general rule, the lower the voltage across the
ISP, the lower the voltage available to a person making contact.
For this reason, when these additional factors are not
completely known, it 1is preferable to select an ISP with a
higher steady-state AC current rating than may otherwise be
considered necessary because this will result in an ISP with the
lowest steady state voltage across it for a given value of
current. Due to the complex nature of grounding and voltage
mitigation, a thorough presentation of this aspect is beyond the
scope of this application example. Due to the several factors
mentioned above, it 1is not possible to casually give a
recommended interval at which ISPs should be installed.
Consulting engineering firms that specialize in this type of
analysis are available to assure that proper voltage mitigation
is achieved when all relevant factors are considered.
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Abstract

Laboratory cathodic protection test was carried out to investigate off-potential
requirements to achieve complete cathodic protection on the steel pipes buried in the
microbiologically active soils containing iron bacteria (IB) with other species of
bacteria.  Off-potentials were changed over a range from -0.65 V to -1.1 V
(Cu/CuS0,).

Practical sufficient protection in active IB sand was shown to be obtainable at the off-
potentials more negative than -0.8 V.

General mechanisms whereby protection was achieved included the reduced
proliferation of bacteria due to environmental changes caused by the enhanced
cathodic reactions, that is, a pH shift toward alkaline and an aeration change into
anaerobic.

1. Introduction

Cathodic protection has received a worldwide recognition as the most effective and
economical method to protect buried coated steel pipes against corrosion'?. This
technique first became practical in 1933 when Kuhn proposed a -0.85 V (Cu/CuSO,)
potential criterion, that is, potentials more negative than -0.85 V were required to
attain complete protection.

Possible microbiologically influenced corrosion (MIC) of steel pipes buried in anaerobic
clayey soils containing sulfate-reducing bacteria (SRB), which was first reported in
1934 by Kihr and van der Vlugt®, raised a need for an alternative potential criterion,
and on the basis of thermodynamic considerations, a —0.95 V criterion was proposed
by Hovarth and Novak* in 1964 for the cathodic protection in the presence of SRB;
which was afterwards experimentally verified by Fischer.

Although SRB have thus been the focus of many investigations involving MIC, the
roles in MIC of other species of bacteria, such as acid producing bacteria and metal
depositing bacteria, have increasingly been emphasized. The authors carried out a
number of site-surveys on buried pipes to clarify the causes of a wide variety of
corrosion failures caused by local action cells or localized cells, and demonstrated®’®
that iron-oxidizing bacteria (I0B), sulfur-oxidizing bacteria (SOB) and iron bacteria
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(IB) could have played a major role in the significant corrosion of the buried pipes. The
contribution of SRB was found to be small.

As such, the need has naturally been increased for the revised cathodic protection
criteria. Therefore, in the present study, the effectiveness of cathodic protection was
reinvestigated in the laboratory to protect steel pipes against corrosion in the soiis with
high activity of bacteria as I1B. Potentiostatic test was conducted with an emphasis
on examining the action and behavior of IB under conditions applied with cathodic
currents.

2. Experimental Procedures

In the present laboratory study, a simulated cathodic protection cell as shown in Figure
1 was used; wherein three electrodes, a working, counter and reference electrodes,
respectively, were buried in a PVC soil box of 110 mm wide x 150 mm long x 110 mm
deep. The working electrode of carbon steel plate to simulate a coated steel pipe
having a 7.1 cm? of coating holiday was obtained by covering the steel plate surface
with a PVC cap of 5 mm in thickness. The surface of the working electrode was
slightly abraded with 2/0 Emery paper, followed by degreasing with acetone. A carbon
plate of 100 mm wide x 100 mm long x 10 mm thick was used to simulate a counter
electrode in an impressed current type of cathodic protection system. This counter
electrode was placed at a distance of 120 mm from the working electrode. A
commercial double-junction type of saturated Ag/AgCl electrode as a reference
electrode was placed in between the working and the counter electrodes at the
distance of 20 mm from the working electrode. These three electrodes were then
buried in the soil held in a PVC box in order to create a simulated cathodic protection
test cell, and wired to a potentiostat as indicated in the figure. These test cells were
set in an incubator at 298 K for 90 days. The soil used in the test was a sandy soil
which was sampled on-site where the presence and high activity of IB had been
recognized.

Cathodic protection was applied potentiostatically by applying cathodic currents via the
counter electrode to the working electrode so that off-potentials of the electrode
should drop in the range from -0.533 to -0.983 V vs. Ag/AgCI. Potential values,
however, are given below with reference to Cu/CuSO, at 298K. During the testing
period, currents flowing between working and counter electrodes were monitored
continuously by means of a potentiostat.

Spontaneous burial corrosion testing was also carried out in the same manner so as
to highlight the effectiveness of cathodic protection.

Potentiostatic polarization measurements were taken before and after the testing.
Measurements were undertaken in a range +500 mV around the corrosion potential
(Ecorr) by alternating polarity in a discrete manner at steps of 2 mV, and maintaining
each level for a sufficient time period of 5 to 10 min to attain the steady state
measurements. Solution resistance calibration, that is, IR-drop compensation, was
made.

Soils used in the tests were investigated with respect to pH, Eh, and bacteria counts
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(0B, SOB, IB,SRB and methane-producing bacteria: MPB) before and after the
exposure. Samples were collected from the immediate vicinity of each working
electrode surface (< 1 mm). Bacterial counts (I0B, SOB, SRB and MPB) were made
in accordance with the most probable number method. Postgate's medium B® was
used for SRB enumeration. 10B, SOR, IB and MPB enumerations were made
according to the recommendation appearing in Reference'®. The rest of environmental
factors was determined in accordance with the Japanese Standardized Manual for Soil
Analysis.

Upon conclusion of the test, every working electrode was removed from each cell,
followed by cleaning and weight loss determination. The weight loss measurements
were then converted into uniform corrosion rate (mm y™'). Maximum corrosion rate
(mm y~') was obtained by means of an optical microscope equipped with a depth
gauge.

3. Results and Discussion
3.1 Cathodic Protection Tests in the Presence of IB

Figures 2 and 3 show the effect of applied potential on the uniform and the maximum
corrosion rates, respectively, in active IB sand. The potentials grouped in the
category of "free corrosion” stand for those of the working electrodes without cathodic
protection, that is, those subjected to free corrosion. Measurements were taken at 90
days of the termination of exposure testing.

From comparison of these two figures, it is evident that the maximum corrosion rates
were more than one order of magnitude higher than those of the uniform corrosion;
indicating that the type of corrosion was localized corrosion. Rates of uniform
corrosion at free corrosion potentials fell well within the range of average uniform
corrosion rates experienced in the Kanto area (in and around Tokyo metropolitan
area)®’. On the other hand, the rates of localized corrosion were around 0.7 mm y™".
These rates can be classified in the top range for the natural soil corrosion of steels
in Kanto-area®. A characteristic feature of the corrosion attack included an extensive
tubercle formation; which was similar to that observed in the site-surveys on the pipes
buried in sands with active IB®.

It can be seen in the figure that in such cases as off-potentials were controlied to fall
within the range from Ecorr to -0.75V, maximum corrosion rates still remained at
rather higher levels, sometimes exceeding those of free corrosion; which would have
been due to the limited cathodic current distribution that stified the vast majority of
anodic sites leaving only small anodic sites to continue to proceed anodic reaction.

On the other hand, in the potential range more negative than -0.8 V, localized
corrosion was depressed significantly at slower rates; leading to a temporary
conclusion that complete, or practical sufficient, cathodic protection in a sand with
active 1B may be achieved at the off- potentials more negative than -0.8 V.

Figure 4 shows semi-log plots of the cathodic current density versus time relationship
monitored during the cathodic protection tests. A slight decrease in cathodic current
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density from the beginning of the test till the day 10 was replaced by the gradual
increase, eventually attaining a steady level depending on the each respective applied
potential. Such was a feature common to every testing cell. As apparent in the
figure, the order of magnitude of applied potential corresponded simply to that of
resulting cathodic current density; indicating a simple mechanism wherein the
protection against corrosion could be achieved by the enhanced cathodic reaction.

Figure 5 shows the relationship between the maximum localized corrosion rate and the
cathodic current density averaged over the testing periods. It can be drawn from this
result that the minimum required cathodic current density to achieve complete cathodic
protection would be 0.25 A m. It may be worth noting that this current density is
about three times greater than the level critical for the common soils in Kanto area’.

3.2 Cathodic Protection and Microbial Action

The contribution of bacteria species to corrosion have not yet been fully clarified; the
present understanding is summarized in Table 1. From analogy with such an
understanding, environmental changes accompanied by the progress of cathodic
protection could bring about not insignificant amount of influence on the proliferation
and activities of bacteria species involved in the soil corrosion process. Therefore,
studies were undertaken with an emphasis on examining the action of bacteria.

Figure 6 shows the effect of applied potential on the pH and Eh in the soil close to the
working electrode surface (< 1 mm). Readings for free corrasion are also plotted in
the figure. It can be seen in the figure that the change of pH with applied potential
was such that it increased rapidly, starting at around 7 of free corrosion, with
increasing cathodic polarization, hence with enhancing cathodic protection, rising up
to around 10 at -0.8 V and thereafter increasing gradually and that almost in linear
with potential, reaching a steady state level of 12 in the range in between -0.95 and
-1.1 V. It may be worth noting that the inflection point occurred at around -0.8 V
exactly corresponded the potential where a practical sufficient protection against
corrosion could be attained.

On the other hand, the change of Eh with applied potential was in somewhat different;
it started at around 0.45 V (NHE) of free corrosion and decreased (hence, shifted
toward anaerobic site) linearly with increasing cathodic polarization within the potential
range tested.

Such pH and Eh changes observed in the study seem to be rationally explained by a
cathodic reaction of Equation (1) because this should bring about the build up of
alkalinity in the soil close to the working electrode surface, together with the
consumption of dissolved oxygen leading to an anaerobic environment. Alternative
cathodic reaction as represented by Equation (2) could not be involved in the present
cathodic protection mechanism because potentials applied were not sufficient enough
to activate the reaction, and hence no hydrogen production was noticed.

1/20, + 2H,0 + 2¢” — 20H (1)
2H,0 + 2" — H, + 20H @)
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Table 2 compares bacteria counts in the soil close to the working electrode surface
(< 1 mm) before and after 90-day laboratory burial tests. As one-by-one counting
of IB is not easy because these bacteria usually form agglomerated strings, a 3-level
semi—-quantitative indicator system, +, ++, and +++, is employed here to classify the
IB population.

At free corrosion and -0.65 V, counts of both IB and SOB increased appreciably
during the test run, whereas counts of SRB and MPB decreased. This is thought to
exactly correspond to the above-mentioned observation that severe localized attack,
accompanied tuberculation, was noticed at both free corrosion and -0.65 V.

On the other hand, at -0.95 V, activity of every bacteria species reduced without
exception; wherein both IB and SRB counts could still be detected, though at
significantly lower levels, whereas both SOB and MPB became entirely extinct.

From analogy with the present understanding shown in Table 1, in combination with
the pH and Eh observation, both the buildup of alkalinity and the consumption of
dissolved oxygen was thought to be responsible for the decreased activities of
bacteria. It has been well established that both IB and SRB can survive the
unfavorable conditions of environments by confining themselves to sheaths of their
own making.

Figure 7 shows the polarization curves obtained before and after the testing. At the
off-potential of -0.8 V, significant amount of anodic polarization was noticed
accompanied by the Ecorr shift toward nobler potential direction, presumably as a
result of formation of stable and high resistivity of oxide layers. The buildup of
alkalinity in the immediate vicinity of the working electrode surface was thought to be
mostly responsible for the formation of such stable oxide layers.

On the other hand, at the off-potentials of free corrosion and -0.7 V, the extent of
anodic and cathodic polarizations was not changed in consistent with the site—surveys
as well as the present laboratory corrosion tests resulting in severe localized attack
accompanied tuberculation.

4. Conclusions

Laboratory evaluation of the effectiveness of cathodic protection in the presence of
iron bacteria was conducted. The conclusions based on the test are as follows:

(1) Complete cathodic protection in a sand with active IB could be achieved at the
off-potentials more negative than -0.8 V (Cu/CuSO,).

(2)  Cathodic protection in a sand with active 1B was mainly brought about by the

decrease in IB activity due to the environmental changes as pH shift into
alkaline and aerobic shift into anaerobic.
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Table 1

Action of bacteria implicated in the soil corrosion®,

Species equrament ange  ramgeiC) Action
B Aerobic 7.5-9.5 20-30 Oxidize Fe™ to Fe>
Gallionella Promote tuberculation
10B
Thiobacillus Aerobic 0.5~8.0 10~40 Oxidize Fe® to Fe* in
ferrooxidans H:SO. and HC! environments
SOB
Thiobacillus Aerobic 0.5~-7.5 10-40 Oxidize S and sulfides to
thiooxidans form H.SO.
SRB
Desulfovibrio Anaerobic 5.5-~7.5 25-45 Reduce SO} to §*-
MPB Anaerobic 4-8 25-45 Consume acetic acid to
form methane
Table 2 Change in bacteria counts observed in the laboratory cathodic protection testing.
) . Applied potential Number of bacteria / Cell g’
Time/Days Location Prs. cf/?:uso‘N 1B 0B soB sr?a MPB
Before test Bulk ++ 0 4 x10? 2 % 10? 1 X107
90 Interface Free corrosion +++ 0 5x10° 7X10 2x10
90 interface - 0.65 44 0 1 x10? ax10 1X10
90 interface - 0.95 + 0 0 3x10 0

Interface : Electrode/soil interface
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Abstract

Disbonded coatings on steel can interfere with the current distribution from cathodic protection.
Shielding the current under disbonded coatings can affect the level of protection for steel. Steel
can be protected by modifying the corrosion environment via a cathodic protection system.
Recent work completed in low conductivity electrolytes as well as strategies for continued
investigation of hydroxide generation and distribution beneath disbonded coatings will be
discussed. The experimental results will be related to the corrosion behavior of steel as well as
to possible defects in pipeline coatings. Further work will focus on the mechanistic processes
and guiding issues within the disbonded region which determine the level of protection to the
steel.

Key Words: cathodic protection, disbonded coatings, hydroxide, passivation

Introduction

Corrosion beneath damaged and disbonded coating systems on pipelines is a concern. In
high conductivity soils and waters, the ability of cathodic protection systems to distribute current
and protect the steel in crevices beneath a disbonded coating system has been examined. The
effectiveness of cathodic protection for steel beneath damaged coatings has not been clearly
demonstrated under conditions of low solution conductivity. The premise of this work is that the
corrosion rate of the steel will be negligible if an alkaline, deaerated environment can be
generated and maintained beneath the damaged coating system by using cathodic protection
techniques.

The goal of this program is to determine if the chemical changes which occur during cathodic
protection can protect crevices created by damaged coating systems. In low conductivity
solutions, penetration of cathodic current into crevices is reduced. The concept of mitigating
corrosion of steel by altering the corrosion environment is illustrated in Figure 1. By increasing
the local pH and reducing the level of dissolved oxygen within the crevice, the corrosion rates
can be significantly reduced and the steel can be protected without penetration of cathodic
currents under the coating system.
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The goal of this work is to develop a total picture of the local chemistry and electrochemistry
of cathodically protected steel beneath disbonded coatings.

Background

It is well documented that where access to the inside of a crevice is restricted, a significantly
different chemistry may be present than found in the bulk electrolyte.

These altered chemistries have been observed in crevice studies for cathodic protection
technology in laboratory experiments and in the field. An increase in local pH has been noted
and results from the consumption of hydrogen ions and generation of hydroxyl ions during
cathodic protection. Most of the available literature documents work using high conductivity
solutions. Parkin's (et al) work showed that cathodic protection currents were able to penetrate

deeply into disbonded tape crevices when conductive solutions were filled beneath the tapel.

Several groups working on pipeline protection issues in Saudi Arabia have attempted to make
measurements on segments of pipe buried beneath the soil in Saudi Arabia2-4. These groups

identified the electrolyte present as very conductive (20 ohm-cm). Tencre and Ahmad?2
conducted testing in brackish, high conductivity waters and showed that a degree of cathodic
protection can be obtained within a crevice. Clean crevices with large openings were easier to
polarize than those containing mill scale or corrosion products. These results were measured on
‘est cells submerged in electrolyte. The cell's plastic top contained reference electrodes for
measurements. The crevice opening was 0.40 mm wide. The pH was also measured during the
tests by removing solution from the crevice and using pH paper. The results showed alkaline
pH's inside the crevice of 8-12 while the bulk solution just outside the crevice remained neutral.

Additional work on pipe sections in the field in Saudi Arabia has been reported by Orton3.
Instrumented pipe sections were buried in the Saudi Arabian soil, and the pipe potential was
measured via internal reference electrodes. Results indicated that cathodic protection can be
achieved for crevice ratios of 1:6000 in highly conductive soils. Attempts were made to measure
the pH within the crevices, and values of pH 8-12 were measured in the crevice while the bulk
remained constant at pH 6-7. These measurements were made with pH paper.

Toncre4 discusses the cases for and against effective cathodic protection of pipelines. In the
case for, Toncre presents the theoretical arguments and laboratory studies which indicate that
cathodic protection should provide effective protection of steel. The case against consists of a
series of field studies which show either good CP survey data and corroded pipe or poor survey
data and good condition pipe. Areas where the cathodic protection data indicated good
protection, corroded steel was found beneath disbonded tape during excavation. In other regions,
the cathodic protection data indicated an inadequate protection level and steel with insignificant
corrosion was found. In this case, an alkaline environment was present beneath the disbonded
tape. The paper concluded that standard pipeline surveys are not solely adequate for determining
the level of protection of the pipeline.

Cherry and Gould? indicated that maintaining a high pH environment will help to protect the
steel beneath a disbonded coating by passivation of the steel. Interruption or removal of the
cathodic protection system may cause a decrease in the alkaline environment and cause the
crevice potentials to shift to more positive rest potentials. At the more positive potentials, pitting
COrTosion may result in carbonate environments.

The test cells used for the Cherry and Gould project were based on a cell design published by
Fessler et al.6.7. Fessler tracked potential shifts inside a crevice due to applied potentials at a
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holiday in tape. Their cells were constructed of Lucite and were 20cm in length. The group used
a 2N sodium carbonate/bicarbonate solution. They found that 20cm crevices (0.13mm thick)
were polarized to -0.780V-SCE after 1000 hours even if the holiday potential was set at -0.850V-
SCE. Bubble formation was also studied using the same cells. The applied potential had an
etfect on the formation of hydrogen bubbles. At potentials above -1.2V-SCE, hydrogen bubbles
caused blockage of the crevice. The potential distribution was monitored during the test and the
bubble formation within the crevice was photographed through the acrylic crevice cell cover. As
the crevice potential equilibrated, bubble formation became uniform throughout the crevice.
Reproducibility was a problem with small crevice thicknesses.

Thompson and Barlo3 studied changes in solution chemistry within crevices due to cathodic
protection, with particular emphasis on pH changes. They found a significant increase in pH due
to the applied potential by reduction of oxygen or water depending on the state of aeration. The
initial pH and the pH of the bulk solution had little effect on the final pH attained, while the
polarized potential only indirectly influenced the final pH. Their work showed a rapid increase
in pH after the applied potential was activated. The chloride and sodium ion concentration of the
solution were also monitored; however they showed no significant change during the tests.

Work done at The Case School of Engineering® has shown that alkalinity can be generated at
1 crevice using a cathodic protection system and that this alkalinity will proceed down the length
»f a narrow crevice to protect the steel beneath disbonded tape. The work showed rapid pH
increases during the first several days of testing, tapering to a more gradual increase to a steady
state after 15-20 days. Movement of the alkalinity was also studied and showed a rapid spread of
the hydroxyl ions beneath the crevice.

In summary, the literature shows that there are chemical changes within crevices. The pH
can shift to more alkaline values and it is anticipated that the oxygen concentration will decrease
within a crevice, both in the lab and in the field. The conductivity of the solution has a major
cffect on current penetrating the crevice. Also, the geometry of the crevice may have a major
offect. The objective of this work is to continue to explain these changes in low conductivity
solutions.

Experimental Procedures

Several different cell variations were developed for the experiments. The material chosen for
he electrochemical cells was clear polyvinyl chloride (PVC) covering a 1/4" steel plate.9

A general schematic of the test cell is shown in Figure 2 and is discussed in detail in a
previous publication?. The crevice was formed with an FEP spacer shim. Other variations to
this cell will continue to be developed.

For tests with applied potentials, an anode chamber was bolted to the holiday end of the test
-ells as shown in Figure 2. Two long screws were used to secure the anode chamber to the cell.
A 1.lcm hole was drilled into both the cell and the anode chamber to connect the two sections.
An ion permeable membrane was inserted between the chambers to prevent solution transfer.

An ASTM 516 steel plate was used for all tests. Cutting of the plates was done by band saw
10 minimize metal distortion along the edges. The plates were grit blasted with a fine glass bead
blaster to remove all mill scale, and the grit blastd plates were stored in a dessicator. Before
testing, the plates were cleaned with methanol and abraded with a wire brush. The plates were
rinsed again with methanol and force air dried before assembly into test cells.
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Three different solutions were used for testing in the disbonded tape simulation cells as
well as for the corrosion coupons and polarization tests: 0.01M Na2S04, 0.1M Na2S04 and
1.OM NaOH All solutions were prepared with distilled water and reagent grade chemicals. The
conductivity of the 0.01M Na>SOg4 solution was 1900 uS/cm, while the 0.1M solution had a
conductivity of 15,000 uS/cm.

In order to monitor the pH benecath the crevice, metal/metal oxide pH electrodes were
prepared and inserted into the cells. The pH electrodes were calibrated before each test.
Potentials of the steel and the pH electrodes were measured against external Ag/AgCl reference
electrodes.

Two additional cells have been designed to complement the cell described above in further
work. The microcell shown in Figure 3 will be used to study the spatial distribution of chemical
species during testing. This will be done with pH electrodes for both the vertical direction into
the environment as well as for the horizontal plane along the steel plate. Oxygen probes will be
Jistributed as needed around the 3 mm holiday in the coating system. A flow through cell design
is shown in Figure 4. This cell will be used in conjunction with two electrode linear polarization
resistance specimens to determine the effects of solution changes on the instantaneous corrosion
rate of the steel sample. The crevice width will be varied over a range from greater than several
millimeters to a very snug, tight crevice.

Results
I. Generation of Alkalinity.

A potential was applied to the steel at a holiday using the cell shown in Figure 2 and changes
in local pH and potential were monitored within the crevice. Measurement sites were located at
the holiday and continued every 5 cm to the rear of the crevice. The data from these tests are
presented as two graphs, one for changes in pH and the other for changes in steel potential. Each
‘ine on the graph represents the data set collected at the stated distance from the holiday.

The applied potential at the opening for this test was -1.0 V-SCE. and the crevice was filled
vith 0.01M NaaxSOy solution. The applied potential was controlled at the holiday opening with a
standard laboratory saturated calomel electrode and a potentiostat. A micro reference electrode
and pH electrode were also present in the holiday next to the crevice opening for pH
measurements. All data are presentea standardized to the Ag/AgCl electrodes. The equivalent
value for -1.000 V-SCE is -0.932 V-Ag/AgCl.

The data for a 0.8 mm thick crevice are shown in Figures 5 and 6. The pH data in Figure 5
shows a rapid increase in pH within the crevice with values greater than pH 11 recorded within
the first day. After the initial increase, the pH remained essentially constant throughout the
remainder of the 15 day test. Figure 6 shows the steel potential data for the 0.8 mm crevice test.
The potentials within the crevice dropped 75-80 mV within the first day, followed by a positive
shift from -0.700 V-Ag/AgCl to -0.500 V-Ag/AgCl at all locations in the crevice after 9 days,
after which a steady state condition was reached.

II. Transport of Alkalinity.

In order to measure the transport of alkaline solution within a crevice, a series of tests were
run with cells similar to those described above, however, no potential was applied at the holiday
nor was there an anode chamber. The crevice was filled with a solution of predetermined pH and
a second solution with different pH was filled into the holiday chamber to start the test. Two
series of experiments were run: (a) to measure the transport of alkalinity into a neutral crevice
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=nd (b) to measure the transport rate out of the crevice by an alkaline solution when neutral water
is added at the holiday. The pH and the potential were monitored in the crevice as described
above. Tests for type (a) began with neutral 0.01M Na>SO4 solution in the crevice and 1M
NaOH solution added to the holiday to start the test, and type (b) experiments began with 1M
N\NaOH solution in the crevice and 0.01M NazSOy4 solution was added and dripped into the
holiday. Data from electrochemical polarization tests were used to aid in interpreting the
notential data generated from the transport experiments.

The pH changes in a test of type (a) where alkaline solution was added to a neutral crevice
are shown in Figure 7 for a test with disbonded tape. The disbonded tape test cell had electrodes
mounted at the 2.5 cm, 12.5 cm and 20 cm locations. Immediately after filling the alkaline
solution into the crevice at 1 hour, the pH began to increase in the holiday as well as in the
crevice. The initial pH rise to pH 10 when the alkaline solution was added is due to mixing of
neutral solution in the holiday with the more alkaline fill solution. The pH leveled off at greater
than pH 9 within the crevice after the 18 hour test. The potential data for this test are shown in
Figure 8. The data indicated a shift in potential within the crevice which corresponds to the
increased pH measured.

In order to investigate the retention of alkalinity within the crevice with fresh neutral solution
.n the holiday, a dripping reservoir was added above the holiday. The drip rate for the
2xperiments was fixed at 5 cc/min throughout the 34 hour test. The crevice was filled with IM
NaOH. Figure 9 shows the pH data over time with solution dripping into the holiday chamber
and a test crevice opening of 0.8mm. The alkaline condition established before the test began
was reduced within hours of startup, even deep in the crevice. The pH equilibrated at pH 9.5 in
this test, which was terminated after 80 hours. Data are shown for the first 20 hours. The
potential data for the test is shown in Figure 10. The shift of pH and potential corresponded
within the crevice. The shift to more negative values occurred in the same time frame as the pH
decrease. The potential data indicated that the pH shift at the rear of the crevice was from pH 13
:0 pH 11 and at the holiday the pH shifted from pH 13 to pH 7-8.

Discussion

Cathodic protection systems can modify the electrolyte chemistry to protect the steel surface
rrom corrosion in addition to polarizing the steel into a protective potential regime. Two benefits
were observed: (a) an increase in alkalinity at the holiday, followed by transport of hydroxyl ions
beneath the disbonded coatings and (b) the deaeration and reduction of dissolved oxygen in the
solution within the crevice. Under these conditions, a low corrosion rate will be maintained.

The increase in hydroxyl concentration is due to the electrochemical reduction of oxygen in
solution, followed by the reduction of water and is governed by the general reaction:

O, + 2H,0 + 4¢° —» 40H’ (1)

Polarization tests showed that the free corrosion potential of the steel shifts to significantly
more positive values as the pH was increased above pH 9. Also, corrosion coupon tests showed
1 decreased corrosion rate above pH 9.

All experiments performed in the generation of alkalinity experiments showed an increase in
alkalinity to pH 10 or greater during the test period. The results also showed that the applied
notential did not penetrate deeply into the crevice. The crevice was not polarized to the potential
at the holiday. Since no difficulty was encountered in polarizing the holiday, modification of the
:nvironment did not require polarization current down the crevice.
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It the rear of the crevice is to be protected, the alkalinity generated at the holiday must be
wransported into the crevice and/or local processes within the crevice must alter the environment.
The alkalinity from the holiday was transported down the various crevice geometries to protect
‘he steel beneath the tape and the local reduction of dissolved oxygen also increased the pH.
Protective pH values of greater than '2 were measured in many tests with the insitu pH
slectrodes and verified manually by pH paper measurements after testing. Visual observation of
‘he steel plates after test completion showed samples free of significant corrosion, even at the
rear of the 25-30 cm long crevices.

It is possible to generate increased alkaline conditions at a holiday in a coating, and this
alkalinity will move beneath the disbonded regions of the coating. The hydroxyl ions cause the
iocal pH within the crevice to shift significantly, and the testing has shown protective conditions
can be established beneath the disbonded coating,

Several issues remain to be investigated with respect to the changes in local conditions
seneath disbonded coatings. Further testing will examine several other important variables such
s temperature, effects of prior corrosion products and crevice geometry. Tests will be run at 50
..nd 60°C to determine if significant differences exist under these conditions.

Wet/dry cycles beneath disbonded tape are an important issue. With an increase of oxygen
Juring air exposure. It is anticipated that any magnetite corrosion products on the steel surface
~iil oxidize to hematite. After rewetting, the corrosion reaction will cause the solution to
deaerate and the hematite to transform back to magnetite. In order to investigate the changes in
corrosion products and their effects on the generation and movement of alkalinity, two
approaches will be used. First, the crevices in the test cells will be filled with predetermined
~orrosion products. The effects on generation and movement of alkalinity will be measured
under these conditions. To quantify the changes in the corrosion products themselves, samples
if the post test corrosion products will be analyzed using X-ray Photoelectron Spectroscopy
- XPS) and Fourier Transform Infrared Spectroscopy (FTIR).

Further work willl investigate the processes which control the solution chemistry beneath a
tisbonded coating section. The work will examine the relationship and effects of chemical and
~fectrochemical reactions and transport, hydrolysis, generation of corrosion products on the steel
-urface, consumption of oxygen, precipitation of calcareous deposits as well as the effects of
-oluble gases. Coating interactions such as permeability by gases and water as well as organic
ind inorganic species will be considered.

Summary

The corrosion of steel and the effectiveness of a cathodic protection system is determined by
he chemistry and electrochemistry near the steel surface. Much of the prior work has
-mphasized the determination of potential by measurements and predictive modeling. In
«Jdition to the work described above in which the solution pH was monitored under CP
conditions, further work will continue to examine the changes in solution chemistry
-imultaneously with potential measurements beneath crevices. The results of these tests will
srovide useful information for development of improved coatings, surface treatments, and CP
wehnology. As models for the cathodic protection of pipelines become more sophisticated, a
“nowledge of the local chemical and electrochemical conditions at holidays and disbonded areas
secomes essential.  Similarly, knowledge of these conditions is essential to the rational
~stimation of the conditions present and the expected life of pipelines.

The results of this research project demonstrated the feasibility of protecting a steel substrate

“eneath unbonded and disbonded coating. The theoretical concept for corrosion transport
eneath disbonded coatings is to apply sufficient current to the pipeline to modify the corrosive
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snvironment at the holiday and to reduce the corrosion rate of steel to acceptable levels. Two
seneficial modifications were (a) to increase the alkalinity of the environment and (b) to decrease
ae concentration of oxygen in the environment.

The results demonstrate that beneficial changes occur to decrease the corrosion of steel by the
local generation of alkalinity and the transport of alkalinity with and without external
polarization of the steel. Where the solution is trapped and there is little or no exchange with
tresh solution, the corrosion rate of steel can decrease rapidly and remain at low values. Where
~xchange of solution (flow of water beneath the coating) can occur, a frequent or continual
ceneration of alkalinity by external polarization may be required.

Planned work will identify other critical areas of research. Also, the work will increase the
clectrochemical database for steel under cathodic protection, This will aid efforts to create more
:ophisticated models of the system. Also, the knowledge base used to make decisions regarding
monitoring of CP systems and useful life assesments of the pipelines will be enhanced.

Acknowledgements

We wish to gratefully acknowledge the support of the Alyeska Pipeline Service Co. for
‘unding this research. Also, we thank the Technical Advisory Committee; Ed Burger
:chairman), Lee Bone, Steve Smith, Emie Klechka, Jim Nunn, John Hotchkiss, Ed Pierson and
fom Widin for their guidance and support during the project. Ken MacPherson and William
Gerhart assisted with the experimental work at Case .

References

. R.N. Parkins, A.J. Markworth,, J.H. Holbrook, and R.R. Fessler, , Corrosion Vol 41, No.7, (1985)

n389-397

. A.C. Toncre, and N. Ahmad,., Materials Performance, p. 39-43 June (1980).

. M.D. Orton, Materials Performance, p. 17-20 June (1985).

. A.C. Toncre, Materials Performance, p. 22-27, August (1984).

. B.W. Cherry, and A.N. Gould, Materials Performance, p. 22-26, August (1990).

. R.R. Fessler, A.J. Markworth, and R.N. Parkins, Corrosion Vol 39, No.1, p. 20-25, (1983).

DV oden fad 1N

~d e

(1985).

. R.N. Parkins, A.J. Markworth, J.H. Holbrook, and R.R. Fessler, Corrosion Vol 41, No.7, p389-397, ,

%. N.G. Thompson, and T.J. Barlo, 1983 International Gas Research Conference Proceedings, p274-283,

1083.
). K. Fink and J.H. Payer, Corrosion'93, Paper #93578 (Houston, TX NACE, 1993).

2308




Severe Corrosioa
o
&
Q
®
%3
173
®
[@] Light Corrosion
<
<
3
! 1 d |
I 1 T T
pHT pH pH 11 pH 13 Figure 2 - MacroCell for Study of Chemical and Electrochemical Changes
beneath Disbonded Tape Section
Increased Alkalinity
Figure 1 - Modify the Corrosion Environment
Sen[sor Ports
g [Xsbpnded Area
Steel Plate lm::;:ﬁoﬂ
Sensor Pocts
Electrolyte Reservoir
Holiday
Figure 4 - Flow Through Cell for InSitu Steel Polarization and
= e RESe @ & Monaesing Chemical Changes
>cm N
Sensor Ports 1em (D% T >
L
Steel Plate

Figure 3 - MicroCell for Studying Chemical and Electrochemical
Changes Beneath Disbonded Tape

2309




i
h
r

£
[

f
3
)
[=

—¥ N\
1 Sasf B T
- GQS P———————.—Z___-
v <
. 13;[ \VIT_ =S L1 S 3 !gﬁgy =T
E“’@‘“ —FF— ¥
[ 4 E
o 3
s 32
] e
8 Qs [resczy L]
73 2 4 6 8 10 12 14 .us -1 - i
Time (cays) 0 2 4 6 F 10 12 14 1€

Tore (cays)

Figure 5 - Generation and Migration of Alkalinity;

3?cm x10cmn x 0.8mm; -1.000 V-SCE a
plot;.

Figure 6 - Generation and Migration of Alkalinity:
pplied; pH 30cm x10cm x 0.8mm; -1.000 V-SCE applied;
potential plot

1 e

= =
0.4 i
Qs -
= . 0.45 [
el Q\ d Se g
/ \ s | v }
=
oLl :
[ 2
75
- J [
l.z""
0 2 4 6 8§ 1w 2 14 16 18 2 0 2 4 3 [} 10 12 14 1§ 18

Time ()

FIGURE 7 - Migration of alkaline solution into neutral
crevice; 30cm x 10cm disbonded tape; pH plot.

Time (s}

FIGURE 8 - Migration of alkaline solution into neutral
arevice; 30cm x 10an disbonded tape; poteatial plot.

02

o)
i
2]

03

Potenllal (V-Ag/AqCl)
&
3

)
b
[

asl

Q53

0 5 10 15 x =
Ture (tes) Tene (r3)
FIGURE 9 - Migration of dripping neutral solution into FIGURE 10 - Migration of dripping neutral solution
alkaline crevice; 30cm x 10cm x 0.8mm; pH plot. into alkaline crevice; 30am x 10cm x 0.8mm; potential
plot.

2310




PIPELINE INSPECTION AND REHABILITATION

An Overview
Garry Matocha
Corrpro Companies, Inc.
P. O. Box 100
Spring, Texas 77383
Abstract

A pipeline system is capable of operating for an indefinite period of time provided it is
properly maintained. In most instances, %overnment regulations dictate specific
maintenance standards but do not detail how they should be met. This paper describes
several inspection techniques developed by industry to determine the condition of the
pipeline, as well as methods that have been developed to resolve any problems found.
These inspections techniques include close interval pipe-to-soil surveys, bell hole
inspections, hydrotesting and the running of smart pigs. The results of one or more of these
inspection techniques dictate whether remedial actions such as additional cathodic
protection or recoating is necessary.

Introduction

The leading oil and gas pipeline companies in the United States operate over 630,000 miles
(1,013,670 km) of pipeline consisting of natural gas transmission (361,000 miles or 580,850
km), liquids pipelines (179,000 miles or 288,011 km)), and gathering pipelines (90,000 miles
or 144,810 km). These pipelines represent an investment of over $52.5 billion and
generated operating revenues in excess of $46.6 billion in 1991.1 Therefore, there is a
large incentive for the pipelire industry to properly operate and maintain their systems. In
addition to the obvious economic factors, regulatory and environmental concerns
throughout the world have also become major factors when decisions are made concerning
the pipeline systems.

Due to the economic, regulatory and environmental factors involved in operating a pipeline
system, it is necessary and often required by government regulations that the pipeline
systems be inspected to determine their integrity. It is estimated that over 5075 of the
above mentioned pipelines are over 40 years old, therefore, there is no inspection
technique which will be suitable for all circumstances.© However, a combination of
techniques can provide the pipeline operator with information to make an intelligent
decision regarding the appropriate actions to take to correct any deficiencies found.

Based on the results of the inspection, follow-up action may often need to be taken to
correct any deficiencies found. These actions could involve additional cathodic protection
or recoating. In 1993, it has been estimated that such remedial action will result in over
2,600 miles (4,183 km) of pipeline (United3States only) being either repaired, replaced, or
rehabilitated at a projected cost of $342 M.
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Justifications for Inspection and Rehabilitation

Pipelines are primarily protected from external corrosion by first coating the pipeline and
then using cathodic protection to protect any bare areas or holidays on the pipeline.
However, over a period of time the coating may lose its integrity and fail to provide the
protection for which it was intended. As this happens, the amount of cathodic protection
current needed for adequate protection increases. In some instances the coating will
disbond from the pipe and shield the cathodic protection from the pipe surface. Because of
the economic, environmental and safety consequences of a failure a prudent operator
should have an inspection program in place to determine the pipeline’s condition and its
suitability for service.

Economically a dependable delivery system is essential. It has been estimated that in 1991
the top pipeline companies in the US moved over 43.081 Tcf (1.22 Tem) of natural gas and
12.5 biljion barrels o liqﬁlid product. This translated into an operating income of over $5.3
billion."™ Therefore, with this tremendous amount of money involved, it is easy to see why
prudent operators should be concerned about the condition of their pipeline system.

In addition to economic concerns, safety, regulatory and environmental issues have become
very important in determining how companies operate. In many areas, the pipeline right-of
ways were in rural areas 30 years ago but are now part of the yards of many suburban
homeowners The results of a pipeline failure could now be catastrophic.

Regulations within the United States and Canada are pushing the pipeline companies
toward even greater use of internal inspection tools. In October, 1988 the US Congress
passed the Pipelines Safety Reauthorization Act law requiring the Department of
Transportation’s Research and Special Programs Administration (RSPA) to establish
minimum federal safety standards so that all new and replacement pipelines would be able
to accommodate smart pigs. In 1992, the new reauthorization of the pipelines safety law
allowed the Office of Pipeline Safety to require transmission pipelines be modified to
accommodate smart pigs. A recent General Accounting Office report stated that "Due to
the effects of corrosion over time, pipelines tend to have more ruptures and leakage as they
age. These incidents can result in fatalities, injuries and property damage. Considering
smart pig’s potential to improve pipeline safety, RSPA needs to complete the mandated

feasibility study and regulations.

In Canada the Canadian Standards Association has established standards for smart pigging
of hazardous liquids pipelines and natural gas transmission pipelines. The Canadian
National Energy Board intends to adopt these standards this year to make them
enforceable as regulations on smart pig inspections.

Worldwide, countries are becoming more environmentally aware and are requiring
pipeline operators to take on additional responsibilities to insure the integrity of their
systems. Even in remote areas, the consequences of a hazardous liquid spill can be very
eat due to the environmental havoc it can create. The effects of such a spill can be even
rther magnified if the spill should get into a body of water. A river or stream can expand
the area effected and bring the consequences into the public eye even further.
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Inspection Techniques

Determining the suitability of a pipeline for continued operation and/or rehabilitation may
require a variety of inspection techniques. They consists of:

* Close Interval Surveys (CIS)
* Bell Hole Inspections

* Hydrotesting

* Smart Pigging

These techniques complement each other and do not preclude the use of the others. Each
technique can provide a piece of information on the condition of the pipeline which an
operator can use to prioritize line segments for rehabilitation. Pipeline operators are then
able to direct their resources to those critical areas where the probability of failure is the
greatest.

Close Interval Surveys.

Close interval pipe-to-soil surveys involve taking a reading at 2.5 foot (0.76 meter)
increments with the data and distance being recorded on a field computer. These surveys
allow the pipeline operator to evaluate the level of cathodic protection and to locate
anomalies 1n the potential profile that can be caused by:

* Coating Defects
* Localized Soil Conditions
* Foreign Contacts

* AC/DC Interference
* Current Shielding

When evaluating the level of cathodic protection it is necessary to consider all voltage (IR)
drops in the circuit including those caused by current flow through the soil and along the
structure. These IR drops should be compensated for when determining the polarized
potential of the structure and evaluating the level of corrosion protection. This is
particularly true in the case of buried pipelines when the reference electrode is placed at a
distance from the point of electrical connection to the pipeline during the close interval
survey.

The most common method involved in eliminating the IR drop in the readings involves
installing electronically synchronized current interrupters in the cathodic protection
rectifiers affecting the area under test. The Instant Off potential is recorded, which, when
all current sources are off, is equivalent to the polarized ‘;f)otential of the pipeline. The
interrupters continuously switch the rectifiers on and off during the survey at cycles
determined by the operator. The on/off cycle frequently used is a 3:1 ratio. This results in
a saw tooth type graph showing both the on and off potentials on the same graph (Figure
1). The appropriate on/off ratio must be used so that an instant off potential can be
determined but also a short enough interval so that the pipeline is not allowed to
depolarize.
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A variation of the standard CIS survey involves taking remote (side drain) potential
readings at the same time the over the line potentials are being obtained. The remote
readings are taken ten to twelve feet (three to four meters) perpendicular to the over the
line readings. The difference between the two potential readings is automatically recorded
in the field computer. The resultant graph has two separate lines. The first set of data
shown is the onf(’)ff potential readings taken during a conventional survey. The second set
of data shown is the difference between the over the line and the side drain readings. The
differential data will remain fairly constant for a well coated pipeline. If there is a holiday
in the coating, there will be a peak in the line showing the difference between the two
potentials (Figure 2). This is a result of the increased current flow to the location from the
cathodic protection system. Both the on/off and the side drain readings are used in order
to differentiate between holidays and metal objects which may be in the immediate vicinity
of the pipeline. This type of survey has proven to be very successful in locating holidays not
only on older lines but in locating holidays during the commissioning of new pipelines.

Bellhole Inspections.

A limitation of the CIS survey is that it can only determine the condition of the pipeline
coating and measure the level of cathodic protection on the line. It cannot determine the
integrity of the pipe. Bellhole insgection is the only method available for the operator to
visually confirm the condition of the coating and the condition of the pipe surface.
Locations which are likely candidates for bellhole inspections include:

* Areas with low pipe-to-soil potentials

* Areas with possible coating damage.

* Areas of low solil resistivity

* Areas of possible corrosion determined by smart pigging.
* Areas with interference problems.

Although bellhole inspections are the best method of determining the condition of the
pipeline, only a small percentage of the pipeline is insgected at any one time because of the
costs involved. It is also very difficult or impossible to perform bellhole inspections
through wetlands, swamps or other continuously wet area. In addition, pipelines running
through cities and other urban areas are becoming increasingly difficult to inspect because
of the right-of-way limitations.

Hydrotesting.

Hydrostatic testing is used and often required on pipelines to substantiate the maximum
operating pressure, to locate any potentially hazardous leaks or to uprate the operating
pressure on a pipeline. More companies are now hydrotesting their older pipelines to
simply verify the integrity of the line by detecting and destructively removing all defects on
the pipeline. The hydrotest pressure is determined by the operator and is often related to
the maximum operating pressure and to the specified minimum yield strength of the pipe.
The US Department ot Transportation requires that new pipelines be hydrotested from 1.1
to 1.5 times its maximum operating pressure depending upon the population density along
the pipeline.
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Hydrostatic testing of Fipelines has been used for many years to test pipelines. Companies
have become very proficient with the testing and are able to monitor the test pressures and
the factors affecting the test through the use of computers. It is a good method of certifying
to the operator the immediate pressure-carrying capacity of the pipeline. It is also the only
means capable of assuring the integrity of the pipeline against cracking such as fatigue-
crack growth or stress-related cracking. However, it does not locate any anomalies w%kilch
do not fail. It is possible for very deep pitting to survive the test and then to develop into a
leak shortly after a test.

Smart Pigging.

Smart pigging of a pipeline is used to detect anomalies such as corrosion, dents or gouges
in the pipe wall. There are various types of pigs used for in-line inspection. The three
types of pigs used for determining the wall thickness of pipelines include the low resolution
magnetic-flux pig, the high resolution magnetic-flux pig, and the ultrasonic pig. These pigs
are the most accurate and economical tools available to determine the metal loss along a
pipeline segment. A recent GAO report has concluded that the widespread use of smart
pigs could save lives and protect property by improving the safety and reliability of
pipelines.

The magnetic leakage technique is able to survey pipelines in either gas or liquid service.
This is done by inducing a magnetic flux into the pipe wall between two magnets. Any
metal loss which occurs 1n the wall results in the flux lines being distorted; this distortion is
sensed by a detector, which then generates an electrical signal, indicating metal loss. These
signals are passed through microprocessors and the resulting data is stored for detailed
analysis upon completion of the run.

The low resolution tools are able to provide an accurate count of the number of corrosion
damage sites, their location, and an approximate indication of the length and depth of
damage. They do this by grouping sensors to form inspection bands. The sensor data is
stored in analog form and a graphical report is generated upon completion of the survey. It
is then necessary to interpret the data so as to determine the location and size of the
defects found. Because the data obtained from the smart pig is relative and not absclute,
the defects are graded by categories such as light, moderate or severe.

The high resolution tool is similar to the low resolution tool but improvements were made
in the resolution as a result of microelectronics advances made in the 1980’s. One of the
results of these developments was the reduction in the size of the sensors while their
number increased. This was necessary because the smaller the sampling area of the sensor
the greater the resolution of the data. The large amount of data gathered from the
increased number of data channels also required significant advances in data storage and
processing. This is %pically done by digitizing the data and storing it on a data tape prior
to it being processed. The additional data available makes it possible for the pigging
companies to provide the pipeline companies with a comprehensive report on the status of
the pipeline. It is now possible through the use of a personal computer to scan the length
of the pipeline and zoom in on suspect areas or individual defects of particular interest. It
is also possible to accurately size the defects and make a determination to allow the
operator to calculate the failure pressure for each corrosion damage feature. This has
given the high resolution tool the following advantages over the low resolution tool:

* It can give the operator an accurate baseline condition of his pipeline.

* The data gathered is sufficient to develop long term maintenance plans.
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* Corrosion growth rates can be determined from subsequent inspections.
* The number of correlation digs and subsequent repairs can be minimized.
* Environmentally sensitive areas or those with limited access can be inspected

with minimal damage.

The disadvantage to the high resolution tool is that the cost is 2 to 4 times greater than the
low resolution tool. Also, because the data must be processed, immediate data analysis is
also not always available. These factors must be factored in when deciding which type of
tool is appropriate for an operator’s pipeline inspection program.

The most accurate of the inspection tools is the ultrasonic pig. It has a greater number of
sensors than even the high resolution tool and each sensor measures the wall thickness and
continuously records the sensor stand-off. This allows the tool to easily distinguish between
internal and external corrosion, since the stand-off function will not respond to external
defect but will fully display internal defects. The measurements are acquired at sufficiently
small intervals, so that the pipe wall is mapped like a contour map. Also because the pipe
wall thickness is being measured directly, corrosion in and around the girth welds can ge
more effectively picked up than with the magnetic flux tools.

The data from the numerous sensor channels are assessed and condensed by a multi-
microprocessor system and then stored on digital tape. The ultrasonic pig, like the
magnetic flux pigs, carries several odometer wheels to measure distance, a marker system
to provide additional zero points for distance measurement, a method for determining
circumferential orientation, and a master system to pre-program and monitor the survey
run. This entire system is typically powered by a lithium battery system.

The data from the ultrasonic pig is interpreted with a personal computer. Defects can be
displayed on the screen in graphical format to aid in interpretation. Three dimensional
representations of the defects are often available.

The qualitf' of ultrasonic data is superior to the high resolution tools but the inspection
costs are also higher than the cost of a high resolution tool run. Also, the tool can only be
run in a liquid line or within a liquid slug because a couplant is needed for this technique.
Therefore, the pipeline operator must make a cost-benefit analysis as to whether the
quality of data is worth the additional costs.

It has to be recognized that the smart pigs are only looking for changes in the pipe wall
thickness, are not able to directly determine the condition of the coating or the level of
cathodic protection along the pipeline. Also, no inspection tool is 100% accurate and it is
always possible that an unidentiged defect may remain on the line.

Rehabilitation Techniques

Using the results of the various inspection techniques, the pipeline operator should be able
to determine next course of action. The most drastic action an operator can take is to
replace the portion of pipe which no longer meets the required safety criteria. However, in
the majority of the cases, rehabilitation of the piL)Ighline can often be done economically to
extend the operating life of the pipeline system. The appropriate method of rehabilitation
is often dictated by the condition of pipeline coating and the amount of corrosion present
in the bare areas. The two methodg primarily used for rehabilitation are additional
cathodic protection and/or recoating.
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Cathodic Protection

Additional cathodic protection is needed if the pipeline coating has deteriorated to the
point where the cathodic protection levels as defined in NACE Standard RPO-169-92 are
no longer adequate to protect the pipeline. On those areas with low pipe-to-soil potentials
and no extensive corrosion, additional cathodic protection is often the answer. This
additional protection can be achieved through the use of sacrificial anode systems,
impressed current systems, or conductive polymer anode systems.

Sacrificial Anodes Systems. These systems are most often used where the cathodic
protection current demands are small. This is often the case for well coated lines, small
diameter lines, or for localized hot spots. The anodes are typically made of either a
magnesium alloy or zinc. These anodes are often used because of their relatively low cost,
low maintenance and because they do not need a source of electrical power. However,
they are limited in their current output and their service life is dependent upon the quantity
of anode material.

Impressed Current System. These systems are used where the cathodic protection current
demands are very large or a single point source is desired for long lengths of pipeline. The
current output can be controlled and is limited only to the capacity of the source of power.
Many different types of anode materials can be used as anode material such as graphite,
silicon iron and mixed metal oxide.

One of the main drawbacks of impressed current systems is the fact that access to electrical
power is often limited. In such cases solar powered units are used. The amount of current
available from these units is limited by the amount of solar panels that can be erected on
the site. At night or during cloudy periods batteries which are charged during the daylight
hours are used as the power source. A system has even been developed whereby
magnesium anodes are used in the system to provide the necessary cathodic protection
current during the night, thus, not allowing the line to depolarize.

Conductive Polymer Anode Systems. In areas where it is hard to get good current
distribution or where there are concerns with hydrogen overvoltage, a conductive polymer
anode system can be used. The polymeric cable is simply plowed in over or next to a
pipeline with a coke breeze backfill. To further assist in current distribution, the positive
lead from the rectifier can be laid in the ditch above the coke backfill and tied into the
anode cable at various locations. The costs for this system are normally greater than a
typical impressed current system but less than those for recoating the pipeline.

Recoating

Pipeline recoating becomes an alternative to cathodic protection where additional cathodic
protection is no longer economical or where shielding is a problem. Shielding results when
the coating disbonds from the pipe but "shields" the cathodic protection current from
reaching the pipe.. This can lead to severe corrosion or even stress corrosion cracking.

The pipeline recoating process can be broken into five parts:

* Coating Selection

* Cleaning
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* Blasting
* Application
* Inspection

Coating Selection. Selecting a suitable coating to recoat a pipeline in the field is often a
series of compromises. Preferred coating systems for new pipelines such as fusion bond
epoxies and extruded polyethylenes do not lend themselves to field application. Some of
the factors which affect the coating selection are:

Weather
Rain
Wind
Temperature
Humidity

Logistics
What is the length of pipe to be recoated?
Is the pipe to be recoated in the ditch or cut and taken out of the ditch?
Is the pipe to be recoated while it is in service?

Coating Quality
Cathodic Disbondment Characteristics
Resistance to Soil Stress
Moisture Permeability
Resistnace to Handling Damage
Adhension

Because of the varying factors on each operator’s pipeline numerous coatings have been
used for recoating. A tew will be discussed briefly.

Coal tar enamel has been successfully .sed for many years in the pipeline industry. Itis a
four component system consisting of a primer, the coal tar enamel, an inner reinforcing
material consisting of a glass fiber mat and an outer wr'il‘glconsisting of a coal tar saturated
mineral felt or a coal tar impregnated fiber glass mat. This coating has been apFlied in the
field for many years but the lack of adequate surface llpreparation has led to failures of the
system. It has also been found to be susceptible to soil stress.
Tape systems are probably the most common systems used for recoating. They are
relatively easy to aglply, typically use a primer and due not require surface preparation
beyond a commercial blast. Some of the tape systems used are:

Polyethylene Tapes

Hot Applied Tapes

Shrink Sleeves

Fabric Strengthened Tapes

2318




Althou%h the surface preparation requirements are not as stringent for tapes as for other
types of coatings, it is still a very critical factor. Inadequate surface preparation can often
lead to premature failure. The failure of a polyethylene tape system can lead to shielding
problems which could result in problems greater than if the pipeline was bare.

Coal tar epoxy is also a good coating which has been used for recoating purposes. It is
relatively hard and has a high resistance to soil stress. However, as with most spray applied
coatings, there are several areas which can hamper its use in the field.

Surface Preparation - Most of the existing coal tar epoxies require a white metal
blast which can be difficult to attain and maintain in the field.

Mixing - A proper mixture of epoxy and the curing agent must be maintained.

Cure Time - Many coal tar epoxies require from 8-24 hours of cure time before they
can be handled and backfilled. This often requires the company to set the pipe on
skids and then to come back and coat the skid marks.

Spray applied coal tar polyurethanes have been developed and used to alleviate some of
the problems associated with the cure time of coal tar epoxies. However, adequate surface
preparation and mixing are still crucial.

Cleaning. Rehabilitating the pipe involves the removal of the old coating prior to
recoating. The cleaning of the old pipe can be critical since the old coating may or may not
be compatible with the new coating system. Severa. cleaning methods used are:

Manual cleaning with hammers and scrapers.

Mechanical cleaning with machines that use knives and brushes.

Water blasting with pressures from 12,000 to 30,000 psi.

Mechanical cleaning with machinery that utilizes a serieds of rotating chains.

Only the water blasting method can remove all of the old primer and surfzce contaminants.
The amount of pressure required varies with the type and condition of the old coating.

Blasting. The prepc.ation of the pipe surface by blasting is critical no matter what type of
coating system is used. It is possible with the water blasting technique to get a near white
metal surface provided the pressure is adequate (This pressure varies accordin(? to the type
of coating previously on the pipe). Manual air blast systems have been used for surface
preparation for many years but this method has proven to be too slow for long sections of
pipe. The use of mechanical processes to {>rovide the necessary surface preparation is a
much more attractive alternative. The wheel blast system utilizes either a metal shot or grit
for cleaning the pipe surface. The air blast system has also been automated for line travel
purposes and uses grit or sand as a blast medium. Both systems recycle the shot or grit to
reduce the amount of material consumed.

The choice of what type of machinery to use for surface preparation is partially dependent
upon whether the pipeline can be taken out of service and cut into long sections. Some of
the machinery must be slipped onto the end of a pipeline while others can "clam shell” onto
a pipeline that is still in service or one that cannot be cut.
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Application. Although it is preferable to choose the type of coating and then to determine

how the coating will be applied, this may not always be possible. If a pipeline cannot be cut

and taken out of the ditch, machinery must be chosen that will "clam shell” onto the

}f)lipeline. For those pipelines that can be cut and taken out of the ditch, there is a greater
exibility on the types of coating that can be applied.

Tape systems can be applied on a pipeline that is either in service or out of the ditch. For
long sections of line, hand wrapping is not economical. Motor driven line travel machinery
is available that can be clam shelled onto the pipeline It is possible to achieve coating rates
of up to 1 mile (1.6 km) a day depending upon the type of machine used and the diameter
of the pipeline

If a pipeline must be recoated in the ditch, spray applied coating are normally applied by
coating applicators with spray equipment specified by the coating manufacturer. There is
machinery available for spray apﬁlied coatings but the pipeline must normally be taken out
of service, cut and taken out of the ditch. Machine application rates can reach 1 mile (1.6
km) a day with the limiting factors being material cure time and the machine reliability.

Unless adequate padding is provided under the skids, the pipe should be lowered into the
ditch and buried as soon as possible. This is because air temperature changes will cause
the pipe to move and could possibly cause holidays at the skid locations.

Inspection. An operator must have the proper procedures in place throughout the process
to insure an adequate recoating job. These procedures should include having an inspector
(in-house or third party) on the job to insure that the specifications were followed. A
failure in any part of the process could result in holidays in the new coating and eventually
to corrosion problems. A set of specifications must be agreed upon by all parties involved
in the rehabilitation process and provisions must be made to insure that they are followed.
Provisions should be made on how to repair holidays as they will happen no matter the
amount of care taken. The inspector is needed to not only provide expertise in areas that
the contractor is not comfortable or unfamiliar with but also to provide a different
perspective on the project.

Summary

As a pipeline system ages, decisions must be made on how best to preserve this valuable
asset. Proper inspection of the pipeline will often dictate the appropriate measures to be
taken. The type of inspection techniques available include close interval pipe-to-soil
surveys, bell hole inspections, hydrotesting and intelligent pigging of the pipeline. Just as
critical to the maintenance of the pipeline are the decisions on how to handle problems
found on the line. Each particular situation will dictate whether cathodic protection,
recoating or even replacement is appropriate. Ultimately the pipeline operator must make
a decision as to what course of action is feasible based on safety, environmental and
economic considerations.
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ABSTRACT

A first principle mathematical model was developed to predict the dynamic current density
developed on cathodically protected steel in seawater at different depths. The results show that
the decrease in the current density is associated with the formation of the calcareous deposits
on the steel surface. The formation rate of calcareous deposits is governed by the pH at the
metal surface, which is controlled by electrochemical reactions, especially oxygen reduction.
The predictions from the model showed that the formation rate of calcareous deposits is much
slower in deeper water than in the water near the surface. Consequently, it would take more
time to reach a steady-state residual current density in deeper waters.
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INTRODUCTION

Cathodic protection has been recognized as an effective method for preventing immersed
offshore structures from corroding. Under cathodic protection, the oxidation of iron can be
prohibited by supplying electrons to the metal structure to be protected by means of sacrificial
anodes or impressed current (1). One feature associated with the marine cathodic protection is
the formation of calcareous deposits at the metal surfaces (2-4)..

Calcareous deposits are the minerals precipitated on the structure’s surface due to the
increased alkalinity resulting from the cathodic polarization process. It is believed that these
porous films act as resistant layers and reduce the transport rate of oxygen to the metal surface,
where the electrochemical reactions occur. Consequently, the current density required to protect
the structure is reduced.

In the first part of this research, a first principles mathematical model was presented for the
formation of calcareous deposits on cathodically protected steel in seawater (5). The results from
the model are helpful in understanding the mechanism of the formation of calcareous deposits
on cathodically protected steel in seawater and their effects on cathodic protection systems. The
model is also capable of predicting the changes in current density and composition of the deposits
with time. The model has been used to examine how the physical and chemical properties of
seawater and cathodic protection parameters influence the formation of calcareous deposits and
their ability to lower the cathodic current density (6).

The development of offshore energy resources is rapidly moving into water depths greater
than 300 meters (3). Results from Ref. (6) show that the formation of calcareous deposits is
sensitive to the chemical and physical properties of seawater, which vary at depth. Whether the
calcareous deposits can form in deep cold water and whether these deposits will adhere to the
steel surface under high hydrostatic pressure are still unclear. Therefore, the main objective of
this research is to predict the dynamic current density on cathodically protected steel at depth
due to the formation of calcareous deposits.

SUMMARY OF THE MODEL

Observations from SEM pictures (5) showed the main change on the electrode surface was
the increasing surface area covered by the calcareous deposits not the increasing thickness.
Therefore, the model that is derived in detail in Ref. (5) is based on the fact that calcareous
deposits block the active surface area available for the electrochemical reactions and consequently
the current density is reduced.
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The main electrochemical reactions occurring during the corrosion of steel structures in
seawater are the oxidation reaction of iron:

Fe — Fett 4 2¢~ (1
the oxygen reduction:
O: + 2H20 + 4e” — 4éH- | 2]
and the hydrogen evolution:
2H,0 + 2¢~ — H; + 20H™ (3]

The proposed mechanism for the formation of calcareous deposits on cathodically protected
steel in seawater is presented below. The higher concentration of OH™ ions generated by the
reduction reactions at the metal surface causes the precipitation of Mg(OH), to occur:

Mg** + 20H~ — Mg(OH), | (4]

Meanwhile, the production of OH™ ions changes the inorganic carbon equilibria in seawater and
facilitates the following buffering reaction (7):

OH~ + HCO; = H,0 +CO%~ (5]

As a result, CaCO; also precipitates:
Ca®*t + CO3~ — CaCO3] [6]

Diffusion, migration, and convection have been taken into consideration for the mass transfer of
the components in seawater inside the diffusion layer.

The model equations will be cast in the finite difference form and solved using Newman’s
BAND(J) subroutine (8) with an implicit time-stepping technique to obtain the surface coverage
of the calcareous deposits, the concentrations, and potential distributions throughout the diffusion
layer. Once these values are known, the current density due to the individual electrochemical
reaction can be determined using the Butler—Volmer equation (9-11). The details of the model
were reported in Ref. (5).
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RESULTS AND DISCUSSION

Before presenting the results in deep waters, a case study based on the parameters at sea level
is used to explain quantitatively the mechanism of the formation of calcareous deposits. The
primary driving force for the formation of calcareous deposits is the electrociiemical reactions,
particularly the oxygen reduction. This causes the pH in seawater to increase from 8.2 in bulk
solution to 9.9 at the metal surface as shown in Fig. 1. Meanwhile, the high pH facilitates
the buffering reaction and produces CO2~ ions on the electrode surface. As a result, the
concentration of CO2~ ions increases about eight times higher than that in the bulk solution
as shown in Fig. 2, and the precipitation rate of CaCO3 is increased.

The surface area occupied by the calcareous deposits (surface coverage) was found to increase
with time as shown in Fig. 3. This leads to a decreasing cathodic current density. Figure 3 also
indicates that the decrease in the current density on marine structures under cathodic protection
is associated with the formation of the calcareous deposits at the metal surface. After the metal
surface was almost covered, the current density became nearly constant. However, the residual
current density was never equal to zero due to the porous nature of the calcareous deposits.

Instead of doing experiments of growing the calcareous deposits under different environmen-
tal conditions, the model has been used to predict the dynamic current density on cathodically
protected steel in seawater at different depths. The temperature, salinity, oxygen concentration,
and pH at different depths in the northern half of the Gulf of Mexico were obtained from Ref.
(12). The vertical changes of oxygen concentration and temperature are plotted in Fig. 4. The
detailed methods of predicting depth-dependent parameters used in the modeling were reported
in Ref. (6).

Figure 5 shows the computed surface coverage on cathodically protected steel in seawater
at different depths. The surface coverage of calcareous deposits decreases with depth; however,
below 500 m, the change of surface coverage increases with depth. As shown in the above
mechanism, the formation rate of calcareous deposits is related to the pH at the metal surface,
which is controlled by electrochemical reactions, especially by oxygen reduction. Since oxygen
reduction is mass-transfer controlled, a higher oxygen concentration in the bulk solution leads
to a faster oxygen reduction rate, which causes a higher pH at the metal surface. In the Gulf
of Mexico, a minimum value of oxygen content occurs about at 400-500 m. Therefore, the
predictions in Fig. 5 can be explained from the vertical change of oxygen concentration as
shown in Fig. 4.

Another reason for smaller formation rate of calcareous deposits at depths is contributed to
the lower temperature of the seawater, which results in an increase in the solubility constant
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(Ksp) and a decrease in reaction constant (k) of CaCQOs, as shows in Fig. 6. The solubility
constant of CaCO; is also influenced by the higher hydrostatic pressure.

The formation of calcareous deposits results in the decrease of the cathodic current density
as shown in Fig. 7. Therefore, it would take longer time to reach a residual current density
in deeper waters.

CONCLUSION

From the results and discussion, the following conclusions are presented:

1. The decrease in the current density on marine structures under cathodic protection is associated
with the formation of the calcareous deposits at the metal surface.

2. The seawater pH increases from 8.2 in bulk solution to 9.9 on the cathodically protected steel
surface. The higher pH causes the precipitation of Mg(OH), to occur and also accelerates
the precipitation rate of CaCOs.

3. The formation rate of calcareous deposits would be expected to be smaller in deep water.
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Hydrogen Embrittlement in Steels:

Mechanical Aspects
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Abstract

Hydrogen embrittlement is the mechanism responsible for environment-assisted
crackii g of various materials such as medium and high strength steels under static
or cyclic loads. The present paper illustrates some mechanical aspects of
environment-assisted cracking with emphasis on stress corrosion cracking. Various
testing methods are presented and the conditions for crack branching and leak
before break under stress corrosion are shown.

Key terms: hydrogen embrittlement, stress corrosion cracking, crack branching

Hydrogen Embrittlement versus Stress Corrosion Cracking

Environmental degradation can be defined as the initiation and the subsequent
growth of cracks under the simultaneous action of stresses and an aggressive envi-
ronment. Hydrogen has been found to be the predominant embrittling and thus
degrading species for various materials. The severity of environmental degradation
of a material depends on the supply of atomic hydrogen generated by its interaction
with a wide range of environmental conditions. Indeed, for a number of materials,
e.g. medium and high strength steels, hydrogen embrittlement has been accepted to
be the mechanism for stress corrosion cracking. Therefore, both concepts, hydrogen
embrittlement and stress corrosion cracking, can be interpreted and treated as the
same process which is affected by at least three different groups of parameters:
metallurgical, environmental and mechanical. Out of these groups, this paper
concentrates on the effect of various mechanical aspects that influence hydrogen
embrittlement and/or stress corrosion cracking.

Loading Modes and Environmental Cracking

There are two extremes of a continuum considering the applied loading mode which
may cause environmental cracking in an aggressive environment: the sustained load
yielding pure stress corrosion cracking and cyclic load yielding pure corrosion
fatigue. It is impossible to draw a strict boundary between these two extremes, as
indicated in Figure 1. The transitions between load wave shapes underlying stress
corrosion cracking and corrosion fatigue are illustrated. It is obvious that there exist
load wave shapes which clearly would cause stress corrosion cracking and there are
load wave shapes which clearly would cause corrosion fatigue. However, in
addition, there are loading modes which could cause either stress corrosion cracking

2332




or corrosion fatigue, such as, for example, ripple effects and large start-stop cycles
which are common and known to adversely affect the growth of environment-
induced cracks. Some elements of the latter loading modes are frequently encounter-
ed on various components in service. Often, however, the stresses responsible for
stress corrosion cracking are not service stresses but residual stresses originating
from various sources, for example the production or manufacturing process.

Figure 1 also shows possible ways of testing and quantifying the susceptibility of a
material to environmentai cracking. Starting with sustained loads, one can distin-
guish between the testing of smooth and precracked specimens exposed to the envi-
ronment. For smooth specimens, time-to-failure curves are measured in a given
environment. As a matter of fact, by using this testing method, often the crack incu-
bation time is consuming the major part of the specimen life time. Therefore, a more
conservative way of testing is to measure the stress corrosion crack growth rate of a
precracked specimen as a function of the applied stress intensity. The result of such
tests arc stress corrosion crack growth curves (Aa/At versus K curves) which are
characterized by a threshold value KisCC below which no crack growth is observed
and a characteristic shape of the curve, often revealing a plateau-region where the
crack growth rate is independent of the applied stress intensity. More details will be
discussed later in this paper.

Another way to investigate and to present the stress corrosion properties of a mate-
rial is to perform slow strain rate tests or constant extension rate tests. Here, smooth
or notched tensile specimens are pulled apart slowly in an aggressive environment.
Two different effects of the applied strain rate on stress corrosion resistance are ob-
served, as indicated by the two curves in the respective diagram of Figure 1.
Depending on the material/environment combination, extremely low strain rates
may cause high susceptibility to stress corrosion cracking, e.g. there is time enough
for the environment to degrade the material by forming cracks. At the same low
strain rates, however, a different material /environment combination may show very
good stress corrosion resistance because the material passivates continuously at
locations where bare metal is produced by straining. At higher strain rates, how-
ever, passivation cannot be completed rapidly enough, therefore the susceptibility to
stress corrosion cracking increases. At even higher strain rates, there is not enough
time for the environment to affect the material, thus no environmental degradation is
observed. Slow strain rate testing is a typical situation between true stress corrosion
cracking and true corrosion fatigue: the load is slowly increased. This can also be
interpreted as onc half of a [atigue cycle at extremely low frequency.

True corrosion fatigue is measured by applying cyclic load on either smooth or pre-
cracked specimens. In the former case, the number of cycles to failure under a given
stress range is measured. This number is usually considerably smaller when - at a
given stress level - an aggressive environment is present. Fatigue and corrosion
fatigue crack growth is illustrated in Figure 1. Here the fatigue crack growth rates
are plotted as a function of the applied cyclic stress intensity range. The environment
typically increases the propagation rates in the lincar range of the log Aa/AN versus
log AK plot compared to inert environment. This effect is frequency dependent, due
to similar reasons as for slow strain rate loading. In summary, Figure 1 gives a
systematic overview of the various aspects of loading and environmentai cracking,
the two extremes being stress corrosion cracking .nd corrosion fatigue, respectively.
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The Effect of Stress Intensity

Stress intensity may have a major effect on the growth of stress corrosion cracks.
Only a complete crack growth curve of a particular material/environment combi-
nation gives sufficient information on this influence. It is an important advantage of
fracture mechanics that the stress intensity at the tip of cracks can be calculated for
different geomeiries, as indicated in Figure 2, provided the geometry correction fac-
tor is known as well as the crack depth and the nominal tensile stress. In principle,
stress corrosion crack growth curves can be experimentally determined by following
the steps that are illustrated in Figure 3. A notched and fatigue-precracked specimen
is stressed to a well-defined stress intensity by either inserting a wedge or by
mounting the specimen into a loading frame. Then the specimen is exposed to the
environment for a certain period of time. By dividing the crack elongation due to
stress corrosion by the testing time, the stress corrosion crack growth rate is cal-
culated and plotted as a function of the stress intensity. The results of such tests are
stress corrosion crack growth curves which are characterized by a threshold value
Kiscc below which no crack growth is observed, and, eventually, by a so-called
plateau crack growth rate where the crack velocity is independent of the applied
stress intensity. Whether such a plateau occurs usually depends on the mate-
rial /environment combination.

As an example, Figure 4 shows a number of stress corrosion crack growth curves of a
quench and temper steel used for springs. This steel has been heat treated to
different strength levels, as indicated in the figure. The crack growth curves
measured in room temperature water differ from each other in various ways: most
important, the shapes of the curves are not identical. For example, with the lower
strength steels, there is a distinct plateau region, where an increase of the stress
intensity does not result in higher crack velocities. The crack growth rates are
independent of the applied stress intensity. The actual velocities, however, differ
from each other: higher strength steels suffer faster crack growth rates. With even
higher yield strength levels, the crack growth curves do not exhibit distinct plateaus
anymore, but the crack growth rates increase with increasing stress intensities. As to
th: threshold stress intensities KISCC, these values are lowest for high strength
steels, as obvious from Figure 4.

There is a general relationship between KISCC and the yield strength of a steel
threshold stress intensities are usually low in high strength steels and higher whe:.
the yield strength is lowered. This is shown in Figure 5. For a number of steels the
threshold stress intensities observed in pure water and in H2S-solution are plotted as
a function of the yield strength. In both environments, there is the same trend
obvious: the higher the yield strength, the lower is K[sCC. In absolute values, KISCC
not only depends on the yield strength but also on the environment. Therefore, at a
given yield strength, KISCC has been measured to be considerably lower in the
aggressive environment H2S-solution than in pure water.

Branching of Stress Corrosion Cracks

Stress corrosion cracks can - and often do - develop branch cracks. Two types of
branching can be distinguished: microbranching, in which the crack front splits into
several local cracks with separation distances of the order of a grain diameter, and

2334




macrobranching, in which the crack separates into two or more macroscopic com-
ponents that tend to diverge or continue to grow in parallel. Three conditions are
necessary, but not always sufficient for macrobranching to occur with stress corro-
sion cracks, as indicated in Figure 6 1, First, the crack growth rate must be (almost)
independent of the crack tip stress intensity, i.e. the crack velocity versus stress in-
tensity curve must exhibit a plateau. Second, the crack tip stress intensity KB, above
which macrobranching may occur, must be equal to or larger than 1.4 times the
stress intensity Kp (where the plateau region starts), as illustrated in Figure 6. This
precondition is necessary for each branch crack to respond to a high enough stress
intensity to be driven further, even though the stress intensity at each crack tip is
reduced by 1/Vn with n being the number of branch cracks, as illustrated in Figure 7.
Third, the fracture path must be relatively isotropic 1.

Microbranching can occur under less restrictive conditions. The crack velocity does
not have to be stress independent, but the stress intensity limit for microbranching is
a certain multiple of KISCC. At extremely low stress intensities, no microbranching
is observed.

Leak Before Break

This section gives an example for how important it is to know the influence of me-
chanical parameters on environmental cracking in practical life. For pressure
boundary components which contain liquids or humidity, the question arises, which
path eventual stress corrosion cracks would take, e.g. would there be a leak before
break or a break without leakage, as illustrated in Figure 8. In other words, are there
conditions that can guarantee leak before break? In order to answer this question, it
is again a precondition to know the exact stress corrosion crack growth curve of the
material in the given environment.

Break before leak in cylindrical pressure boundary components can be excluded only
if at least one of the following preconditions is fulfilled: First, if there is no possibility
for stress corrosion to occur. Second, if stress intensities at the inner side of the
component are smaller than KiSCC or even negative. Third, if unsymmetric crack
initiation can be guaranteed. Fourth, if the stresses at the inner side differ highly
from each other and, in addition, the stress corrosion crack growth rate is strongly
stress-dependent, e.g. there exists no plateau region in the crack growth curve. Fifth,
if stresses along a sufficient part of the inner circumference are compressive rather
than tensile, such as may be the case in pipe bending. If none of these preconditions
is met with, a leak before break due to stress corrosion cracking cannot be gua-
ranteed.
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Abstract

Hydrogen embrittlement, that is hydrogen-related, slow, subcritical crack growth,
occurs with high-strength steels in at least three different forms: cracking due to the
presence of hydrogen-containing gases such as H2 or H2S, cracking due to the
presence of hydrogen in the steel, and cracking due to the presence of hydrogen-
containing liquids such as water or hydrocarbons. This paper illustrates some of the
major metallurgical influences on hydrogen embrittlement of steels in water, a
phenomenon which is also known as stress corrosion cracking. The major
metallurgical influences are exerted by the strength of the steel, the strengthening
mechanism, the concentration of major alloying elements, the carbon and the sulfur
content of the steels. These influential parameters, however, cannot be measured in a
meaningful way or be modeled by theory unless the effect of stress intensity and
temperature is systematically taken into account.

Key terms: hydrogen embrittlement, stress corrosion cracking, steels.

Hydrogen Embrittlement versus Stress Corrosion Cracking

Environmental degradation can be defined as the initiation and the subsequent
growth of cracks under the simultaneous action of stresses and an aggressive envi-
ronment. Hydrogen has been found to be the predominant embrittling and thus
degrading species for various materials. The severity of environmental degradation
of a material depends on the supply of atomic hydrogen generated by its interaction
with a wide range of environmental conditions. Indeed, for a number of materials,
e.g. medium and high strength steels, hydrogen embrittlement has been accepted to
be the mechanism for stress corrosion cracking. The similarity between gaseous
hydrogen embrittlement, internal hydrogen embrittlement (after electrolytic
charging) and stress corrosion cracking in water is obvious in Figure 1. Therefore,
both concepts, hydrogen embrittlement and stress corrosion cracking, can be
interpreted and treated as the same process which is affected by at least three
different groups of parameters: metallurgical, environmental and mechanical. Out of
these groups, this paper concentrates on the effect of various metallurgical aspects
that influence hydrogen embrittlement and/or stress corrosion cracking.
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Yield Strength and Threshold Stress Intensity

The yield strength of a quenched and tempered steel depends, of course, strongly on
the tempering temperature. This is illustrated in Figure 2. It is evident from the same
figure that either tempering temperature or yield strength have a strong influence on
the threshold stress intensity, KISCC, below which environment-assisted cracking is
not observed. In contrast, it can be seen from Figure 3 that different high strength
steels may have quite different plateau crack growth rates, yet their threshold stress
intensities are all between 10 and 20 MPa Ym. These observations are reconciled in
Figure 4 which illustrates the fact that at ambient temperature the threshold stress
intensity KISCC depends markedly on the yield strength only when the strength is
below about 1200 to 1300 MPa. A further surprising observation revealed in Figure 4
is that KjsCC does not depend on the yield strength in the high temperature regime
above about 100°C. This high temperature regime is to the left of the maxima in
Figures 1 and 5. Obviously, theories modeling the effect of strength on KisCC 3 must
take into account two different temperature regimes.

Crystal Structure: Ferritic versus Austenitic

Direct comparisons of austenitic versus ferritic steels are presented in Figures 3 and
5. Quite generally, austenitic steels exhibit lower crack growth rates than ferritic
steels in water, but care must be taken not to draw too far-reaching conclusions from
such a general statement. For example, steel XSMnCrN1818K may have similar yield
strength as the steel D6AC it is compared to in Figure 3 but it contains 18 weight
percent chromium and has therefore much higher corrosion resistance than all the
other steels mentioned in Figure 3. On the other hand, in Figure 5, two steels with
vastly different yield strengths are compared. The austenitic steel 304 which exhibits
two orders of magnitude slower crack growth rates has a yield strength of 240 MPa
while steel D6AC has a yield strength of 1425 MPa. It would be extremely difficult to
find two steels, one austenitic, the other ferritic with otherwise identical
compositions and yield strengths. Thus, an ideal comparison of ferritic versus
austenitic is impossible. Nevertheless, the analogy shown in Figure 5 permits the
notion that similar temperature dependencies and maybe similar mechanisms are
responsible for subcritical crack growth rates of austenitic and ferritic steels in water.
Figure 1 permits the thought that there is a parallel to gaseous hydrogen
embrittlement, internal hydrogen embrittlement and stress corrosion cracking of
high strength ferritic steels. A very similar argument can also be made for austenitic
stainless steels, when one considers not only the stress corrosion data of Figure 5 but
also the fact that internal hydrogen embrittlement (after electrolytic charging) and
crack growth in hydrogen gas have been observed 4/ 3.

Yield Strength and Crack Growth Rates

The strong effect of the yield strength on the crack growth rates of various ferritic
steels exposed to water is illustrated in Figures 6 and 7. Obviously, meaningful
comparisons of crack growth rates at a given temperature are possible only in the
temperature ranges where all steels are below or above the drop-off in crack growth
rates which occurs at intermediate temperatures, Figure 6. Naturally, a meaningful
comparison also presupposes that all crack growth rates to be compared are
measured in the plateau range where, according to Figures 2 and 3, the effect of
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stress intensity is negligible. Such a comparison is illustrated in Figure 7 primarily
for low alloy steels. Yet, a great difference in crack growth rates is observed at any
given yield strength. This indicates that either the microstructure or the minor
alloying elements or both are of prime importance. In fact, both are, as will be seen
from Figures 8,9 and 11.

Carbon and Sulfur Content in Steels

The widely scattering observations of crack growth rates at any given yield strength
in Figure 7 cluster together along specific trendlines if one separates them into
groups of similar carbon and sulfur content. The effect of carbon and sulfur is
illustrated in Figures 8 and 9 for specific strength levels. It is now clear that
meaningful experimental comparisons and theoretical predictions of crack growth
rates - for example to elucidate the effect of yield strength - can be made only for
fixed carbon contents and sulfur contents since these can affect the crack growth
rates by three to four orders of magnitude. Moreover, the effect of sulfur and carbon
in the steels needs to be addressed specifically in models and theories of stress
corrosion cracking or hydrogen embrittlement of steels. Figure 9 gives a clear danger
signal concerning the enhanced susceptibility of resulfurized steels to environmental
cracking. Naturally, the strong effect of sulfur content of the steel will in some way
be related to the strong effect of H2S in the environment which is well known from
oilfield tubular goods and which is also observed in laboratory tests of K[sCC 6 and
which is also addressed theoretically 7.

High Temperature Water

It is often believed that hydrogen embrittlement disappears at elevated
temperatures, and such belief is supported by observations such as those shown in
Figure 1. However, it is quite clear from Figures 5 and 6 that there are also extensive
high temperature regimes where water as an environment can result in
environment-assisted subcritical cracking and the question may then be asked
whether this is also a form of hydrogen embrittlement. In Figure 10 we have
illustrated the combined effect of material yield strength and temperature on the K-
plateau crack growth rates of steels in high temperature water. It is well known that
the mere existence of such cracking in low alloy steels has caused huge service
failure problems, for example in the power generating industry.

Maraging Steels

The salient point of Figure 11 is that the growth rates of the subcritical cracks in
water environment do not parallel the yield strength as a function of the annealing
temperature. This means that the yield strength is not the decisive factor controlling
the stress corrosion (hydrogen embrittlement) crack growth rate. This is evident
from the fact that the crack growth rates peak below 400°C annealing temperature
while the yield strength peaks near 500°C. Consider in Figure 11 a yield strength of
1300 MPa. In the underaged condition this entails a crack growth rate of 5x10-6 m/s
while in the overaged condition this entails a crack growth rate of 5 x 1011 m/s, a
difference by a factor of 100'000 at identical yield strengths ! Clearly, it is not only the
strength level but also the microstructure responsible for the strength which controls
the crack growth rate.
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Discussion and Conclusions

The metallurgical parameters which influence hydrogen embrittlement (and there-
fore stress corrosion cracking) of steels are many and effective. Yield strength, crystal
structure, carbon content, sulfur content, and strengthening mechanism, all can
influence the crack growth rate by several orders of magnitude. These influential
parameters in turn can only be properly assessed if they are determined
systematically as functions of temperature and stress intensity. At present we do not
have a reasonably complete quantitative knowledge of all the major influences on
crack growth rates. It is thus impossible to compare theoretical predictions to the
experimental results. A continuing major research effort is therefore necessary in
order to obtain both the quantitative experimental basis and the quantitative
modeling or theory which can explain such observations and thus help with steel
development and with failure prevention in actual service. The results of such efforts
will be valuable to all concerned.
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Electrochemical Aspects of Hydrogen Embrittlement in Steels: (i) IPZ Model of
Hydrogen Permeation (ii) IR Voltage-Induced Hydrogen Charging

Howard W. Pickering

Department of Materials Science and Engineering
The Pennsylvania State University

University Park, PA

Abstract

This paper reviews results of the past decade in the author's laboratory on (i) the lyer, et. al. (IPZ)
model of hydrogen absorption and permeation into metals from aqueous solution for studying the
hydrogen absorption mechanism and factors such as HzS that modify the absorption rate, and (ii)
the IR (ohmic) voltage within recesses and holidays, and its impact on the tendency for hydrogen
evolution and hydrogen charging inside the cavity for both open circuit corrosion and the protected
(anodic protection or cathodic protection) surface.

Key terms:  environmentally assisted cracking, hydrogen absorption, hydrogen permeation,
Hj3S poison mechanism, hydrogen evolution reaction, h.e.r./entry rate constants,
IR-induced cracking, hydrogen charging within cracks and holidays, cathodic
protection, anodic protection.

Introduction

The problems of environmentally assisted cracking (hydrogen embrittlement, stress corrosion,
corrosion fatigue) are interdisciplinary and varied, and the resulting economic loss and safety

aspects are a major concern in, for example, the power generation and petrochemical industries.!
All these forms of environmentally assisted cracking start with the entry of hydrogen into the
metal. This paper focuses on (i) the study of mechanistic aspects of hydrogen entry from aqueous

solution using the lIyer, et. al. (IPZ) model2.3, and (ii) the role of IR voltage in modifying the
tendency for hydrogen charging and evolution from within cavities (cracks, crevices, holidays).

Electrochemical Aspects of Hydrogen Entry

Experiments in the Penn State Corrosion Laboratory are providing information as to why certain
solution species (the so-called poisons) promote hydrogen entry into steels, e.g., H2S. The key to

this improved understanding is the recent development by Iyer, et. al.2 of a rigorous, quantitative
steady-state model of the hydrogen evolution/hydrogen permeation process. This section of the
paper briefly describes this model and then illustrates an impressive application of the model for

analyzing one of the most encountered deleterious poisons (HaS)4.

For aqueous hydrogen charging, the charging conditions can be precisely varied and very high
fugacities on the order of 106 atm. (corresponding to pressures of 104 atm.), can be achievedS:5.
The first step of H3O+ reduction is now fairly well understood to take place by a single electron
transfer

H30* + ¢ = Hy + Hy)0 (1)

where x refers to the state of the reduced hydrogen atom on the metallic phase. The electron
transfer reaction is followed by twc narallel processes which are the evolution of gaseous
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hydrogen that forms from the adsorbed hydrogen atoms on the surface and the entry of other
adsorbed hydrogen atoms into the metallic phase itself.7-10 These are:

Hads + Hadgs = Ha (2a)
or

Hags + H3Ot + e- =Hp + HO (2b)
and

Hads = Haps 3)

Although widely debated a few decades ago, it is now accepted that hydrogen attains an adsorbed
state on the metallic surface, immediately following the discharge step (Reaction 1)11.12, But

controversy exists as to whether hydrogen atoms are on, or interstitially in, the surfacel1l:13-15 and
whether hydrogen adsorption can cause rearrangement of surface metal atoms, such as occurs in

vacuum as shown for a nickel surface by low energy electron diffraction (LEED)16. Much of the
work in this area strongly suggests an intermediate step in which the discharged hydrogen
dissolves just under the metallic surface and equilibrates with hydrogen covering the surface

itself12,16,17_ This is termed the absorption-adsorption reaction, which if in equilibrium means,
the permeation process itself is the slow step in the overall permeation process. But for very thin
membranes or for high values of hydrogen diffusivity, this equilibrium is not achieved and the

overall permeation process becomes interface controlled3:18, Both the h.e.r. and the hydrogen
permeation characteristics of a metal cathode are easily measured by using an electrochemical
hydrogen permeation procedure, in which protons are reduced at one surface of a foil specimen,
and the fract; °n of the discharged hydrogen entering the metallic material and permeating through
the foil is oxidized back to the proton at the exit surface, with the oxidation current being a measure
of the hydrogen flux. Details of the set-up and circuitry for this procedure are widely available in

the literature19-21, Models8: 9, 22 developed to understand the relationship between the h.e.r. flux
and hydrogen permeation flux that predate the Iyer, et. al. model, are not sufficiently detailed to
evaluate the various rate constants, surface coverages, and other kinetic parameters relating to
hydrogen discharge, evolution, and permeation. These earlier models have even less value in
tl.ose cases of significant absorption of hydrogen into metallic materials, such as in poisoned

electrolytes? since the assumption in these models that hydrogen permeation is negligible is
invalidated. Itis in this background that the more rigorous model (referred to as the IPZ model) by

Iyer, Pickering and Zamanzadeh? was developed.

In a hydrogen permeation cell the hydrogen discharge reaction rate is given by the cathodic
current density, i.. The relationship between i and the cathodic overvoltage, 1, is given by the

Butler- Volmer equation for a well polarized electrode: i, =iy (1-8yy) €3N, Here, i, =iy/(1-
8e), iy = the exchange current density; Oy = the surface {(hydrogen) coverage, which depends on
n; 6, = the equilibrium surface (hydrogen) coverage (at § = 0); a=F/RT =19.4 vila2sec;a=

the hydrogen discharge transfer coefficient; 1 = E - Eeq" E_ = the electrode potential during
hydrogen discharge; and Eeq = the equilibrium electrode potential. The hydrogen recombination
reaction rate is given by i. = F k; (GH)z, wiiere, k. is the chemical recombination reaction rate
constant. The hydrogen permeation rate (at steady state) is given by i, = F (D}/L) cq. Here, L =
the membrane thickness, cg = the charging (sub)surface hydrogen concentration and D) = the
hydrogen diffusivity in the metal. If the hydrogen absorption-adsorption reaction is assumed to be
in local equilibriwn, cg = k” @4, where k” = the absorption-adsorption constant that is thickness-
dependent.
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The IPZ Model

Assumptions in the IPZ model2.3 that combines hydrogen evolution and hydrogen
permeation are the following: (a) The reactions are at steady state and the only reactions occurring
on the cathode surface are hydrogen discharge (Reaction 1), chemical recombination(Reaction 2a),
and hydrogen absorption (Reaction 3). (b) The cathode surface is sufficiently polarized so that no
oxidation of hydrogen or any other oxidation reaction can occur at this surface. (c) The
absorption-adsorption reaction is in local equilibrium. (d) The hydrogen permeation process
involves simple diffusion of hydrogen atoms through the bulk metal. (e) The surface coverage by
hydrogen is low enough to follow Langmuir conditions, i.e., the free energy of hydrogen

adsorption is coverage independent. This is generally true for @4 < 0.2 and 64 S 0.8.

One of the major relationships of the IPZ model2-3 is between the steady state permeation
flux, i, and the hydrogen recombination flux, i;. Another is the relation between the charging

flux, i;, overvoltage, N, and permeation flux, i,,. These two equations are2.3

. _k” 0.5 y;

o= g (F kp) Vi ®)
and

i €M = (biy k") i + iy ()]

Equation 8 states that i, is proportional to Vi (rather than Vi as in less rigorous models822) for a
coupled discharge-recombination process; iy is obtained by subtracting the value of i, from i

(using Assumption a). Equation 8 is an important relationship enabling one to determine the
fraction of the discharged hydrogen that goes off as hydrogen gas and the fraction that actually
enters the metal. The constants in Equation 8 consist of the rate constant for the hydrogen

recombination reaction, ki, the rate constant for the hydrogen absorption-adsorption reaction, k”,
the Faraday constant, F=96485 C/equiv. and b = L/(FD)).

Equation 9 is derived by considering some electrochemical details of the polarization of the

cathode? and is needed because oy = bf’—° cannot be determined by a direct experimental method.
The IPZ model is the first of its kind to include such a useful relationship. For derivation of
Equation 9, the transfer coefficient, o, has to be determined by a procedure described elsewhere2.
Accurate determination of a is very important since it is in the exponential term. Construction of

the true o plots at constant O is discussed in detail elsewhere23. The various kinetic parameters
such as k., k” and i can be evaluated by plotting i, versus \/ir (Equation 8) and i e30M versus
i (Equation 9) and performing regression analyses of these equations (if these plots are linear).
Subsequently, 8¢ (=bi../k”) can be plotted as a function of 1} and by extrapolating this plot ton =

0, 8, can be obtained and, thus, i j[= i'0 (1-6,)] evaluated. The i, values for various metal

electrodes are generally available in the literature for comparison with the ig values determined
using the IPZ model.
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Determination of i, &, and the various rate constants is important for understanding the
electrolytic hydrogen discharge and permeation process and for determining the parameters that

control the process. For example, the discharge reaction rate constant, k{ (= i'ol(aH+ e-aaEcq

gives the rate of proton reduction (apj+ = the hydrogen ion activity and Eeq = the equilibrium

))’

potential for the h.e.r.). kj is directly proportional to the proton jump frequency and exponentially

related to the activation energy for proton discharge, while a is related to the symmetry factor

describing the ease with which a proton can get to the top of the activation energy barrier?4. The
chemical recombination Kinetics are characterized by k. which describes the surface diffusion of

hydrogen, mean displacement for hydrogen recombination and site specificity, if any.

In order to understand the h.e.r. mechanism and rate controlling step, the intrinsic

-aaEeq)

(coverage-independent) rates (i.e., the rate constants) of the discharge (vg = ki (ag+) e

and of the recombination (v, = k;) reactions have to be compared. If v4 and v, are within one
order of magnitude of each other, then the discharge and recombination reactions are considered to

be coupled?.24, If the reactions are coupled, any factor that changes the rate of one reaction will
affect the rate of the other reaction as well as the rate of the overall reaction. For example, if the

pH of the electrolyte or the cathodic potential is changed it will directly affect v and in a coupled

discharge-recombination process, it will also affect v;.

The hydrogen absorption-adsorption rate constant, k”, (obtained from Equations 8 and 9)
is a very important parameter characterizing hydrogen absorption and adsorption. It contains
quantitative terms describing surface and subsurface kinetic properties of the metal-hydrogen

interaction. If k” is increased, hydrogen absorption is enhanced and if k” is decreased, hydrogen

evolution is enhanced. The k” values can be altered by the presence of films or adsorbed species
on the surface, or impurities in the metal.

If the absorption-adsorption reaction is in local equilibrium, a complete steady state flux
balance at the subsurface will yield17:18: i = F k,p,s Oy - F kygs C, Where K, is the hydrogen

absorption rate constant and kg is the hydrogen adsorption rate constant, and (i‘,‘,)'1 =
[kads/(FleabSOH)] L+ (FkabSGH)'l. Under diffusion controlled permeation conditions, i.e., i,

is inversely proportional to L, the latter relation becomes2.18: i = F(D}/L)k’8yy, where k' =
kabs/Kads- This steady state criterion will thus serve as an additional check for the diffusion

controlled condition, apart from the transient stage condition of the square-root of time lag being
proportional to L. Furthermore, tc overcome grain boundary effects L has to be much larger than
the average grain diameter for a polycrystalline membrane.

The IPZ model provides an analytical means of evaluating both k,p ¢ and k45 using a range of
membrane thicknesses that avoid the above-mentioned problems. The relationship is given by2.3:

YR (kads’kabs) + (Dy/Kaps) wy! (10)
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Thus, by determining k” as a function of L, kaps and ky s are easily found [if the k")~ versus

(L)-1 plot is linear]. The L values have to be chosen within a small dimensional window, typically
ten to a few tens of the grain diameter since, in addition to avoiding the above mentioned grain

boundary effects, if the membrane is too thick, &1 = k)1= (kads/Kabs)» and so k” becomes
thickness independent. If the permeation experiments are also carried out as a function of
lenslperature, T, kabs and kads, which are respectively proportional to e'(AGabS/RT), ande
(AGads/RT) where AG,,¢ and AG, 4 are the activation energies of hydrogen absorption and
adsorption, then AGyp, and AG, 4 can be determine if the plots of log (k,p) versus (T)'1 and log
(k,qg) versus ('I')'1 are linear. At present, there are no alternative ways of determining k¢ and
k,qs- However, the activation energies can be determined from pseudocapacitance!2 and

B.E.T.15.25 measurements. Such determinations can also be compared with those obtained in gas
phase hydrogen charging, correcting for the fugacities involved. These approaches may offer
unique means of not only correlating aqueous charging data with gas phase charging data but also
provide a broad unification of the entry and embrittlement by hydiogen originating from two
independent hydrogen sources.

Modified IPZ Model for Poisoned Electrolytes

When metallic materials encounter poisoned environments, the hydrogen permeation is
significantly enhanced indicating significant coverages of the surface by hydrogen in which case

the Langmuir condition (64 < 0.2) may no longer hold. For higher coverages (0.2 <06y < 0.8)
Equations 8 and 9 were modified to include the Frumkin-Temkin correction!2 for the discharge and
chemical recombination rate equations to give34

10ge (Vigfico) = (Ofb/K”) i, + loge[b(Fk,)0-3/k"] (11)

loge (fi jae) = - @ 2T + loge( ig ) 12)
where

fic.ieo = ic €@K V/(1-bi_/k") (12a)

Here f = ¥/RT, where 7y is the gradient of the apparent free energy of adsorption with
coverage and the value of f = 4.5 has been assumed. However, an accurate value of f has to be
obtained for each specific metal-solution system for a more rigorous analysis; techniques such as

the adsorption pseudocapacitance measurements!2 can be utilized for evaluating f. Once f is
known, Equations 11 and 12 will unambiguously yield the values of o, k”, k, and i, . A detailed
evaluation procedure is described elsewhere4. Essentially, log (\/ix/im) versus i, is plotted, and if
this plot is linear, the slope and intercept will contain the values of &, k” and k. Then, in Equation
12, k” can be expressed in terms of a and iteratively solved for a. If o values converge to a fixed
value, it will indicate that log(fic,iw) is linear with . But if a does not converge, it will indicate

that the system is not following these relationships and that one or more of the assumptions may
not be valid Such cases can arisc if the recombination reaction becomes rate limiting or if it

involves electrochemical desorption (Reaction 2b). If a does converge, then k”, k. and io' are
easily evaluated by regression analyses of Equations 11 and 12. These quantities provide very
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useful information about the way in which poisons promote hydrogen entry. For example, it is
well established that a large hydrogen entry into the metal occurs when H»S is present in highly
acidic solutions, but the hydrogen overvoltage is reduced. Analysis with the modified IPZ model
showed that the increased hydrogen entry is largely due to the recombination sicp being slowed
considerably, probably in conjunction with the reaction:

st + e'w‘;g) HzS‘m (13)

This side reaction can occur quite fast at the cathodic metal surface and affect the discharge and
recombination steps in various ways4:

1. H;S can work as a bridge for hydrogen discharge through H,S", as originally proposed by
Kawashima, et .al .26;

H2S 2 ihode * H30T +M — M-H + H,S + Hy0 (14)

Reaction 14 leads to a decrease in the overvoltage for the discharge reaction.

2. The recombination reaction can be poisoned by the (H...H,S) intermediate forming on the

cathode and slowing the diffusion of H adatoms and/or blocking the recombination sites (if
the recombination reaction is heterogeneous) on the metallic surface.

The value of @ obtained using the IPZ model, slightly increased with small additions of H,S,

consistent with the Kawashima, ef .al .bridge mechanism. Thus, the primary function of HpS"
acting as a bridge is to facilitate transfer of protons across the double layer and, thus, decrease the
overvoltage necessary for hydrogen discharge. But the intermediate product (H...H,S) poisons
the recombination reaction and this has been quantitatively illustrated by the precipitous decrease in
k; with small additions of H,S. This is further quantified by the increase in B with increasing

[H,S] at a particular 1| showing the build up of H adatoms due to slowing down of the

recombination reaction. The model evaluations also showed that k” increased with increasing
[H,S], although not significantly. In order to attain yet a clearer picture of the role of H5S in

enhancing hydrogen entry into metallic materials, the absorbates have to be experimentally
analyzed.

Hydrogen Entry from Within Cavities

For a decade in the Penn State Corrosion Laboratory, the IR (ohmic) voltage within cavities
(crevices and artificial pits) has been systematically investigated. In principle, the explanation of
stable localized corrosion as a shift of the cavity electrode potential out of the potential region of
stable passivity, is well founded on potential theory, and a computational model with the ability to
quantitatively predict geometrical features has already been derived.27 Nevertheless, the
importance of the IR voltage in stabilizing localized corrosion has not been considered by the
corrosion science community and so this study was designed to see how important the IR voltage
is in practice. One result (large ohmic voltages) stands out by its reproducibility and novelty.
Reproducibility refers to the every-time observation (out of many tens of experiments) that crevice
corrosion in iron, nickel and stainless steel only occurs when the voltage difference between the
anodic site inside the crevice and the cathodic site on the outer surface (where the oxidant is
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plentiful) is so large that the electrode potential at the corroding anodic site is below (less noble
than) the potential region of stable passivity.28-32 This same result has been obtained also for pit
growth in nickel.33 In brief, these experimental results, which are documented by simultaneous

in-situ measurement of several parameters using a powerful, new crevice design,28-3! show that
the IR voltage in cavities is an essential ingredient in at least some forms of localized corrosion.
The results go further in that they show how the IR mechanism can explain the roles of
acidification and chloride ion buildup in promoting localized corrosion and the role of some
inhibitors in decreasing its occurrence. Readers can learn more about the IR voltage as it pertains
to localized corrosion in this writer's other paper in this volume.3* In what follows in this paper,
the role of the IR voltage in promoting the hydrogen evolution reaction (h.e.r.) and hydrogen
absorption into the metal is evaluated.

Whenever the anodic and cathodic sites are separated, the IR voltage accompanying current flow
between these sites can be an appreciable fraction of the cell voltage, in which case the IR voltage
must be taken into account in a mechanistic analysis of the cell process. This situation is typically
encountered in localized corrosion and in anodic and cathodic protection of surfaces that contain
recesses (crevices, cracks, holidays, etc.). The resulting electrode potential distribution and its
relation to the IR voltage is given by

and depends on the direction of current flow within the cavity as follows: If the current flow
direction is from the cavity electrolyte to the bulk electrolyte, as in the case of localized corrosion or
anodic protection, the electrode potential in the cavity, Ex where x increases with distance into the
cavity, is less noble than the surface potential, Egyf, since the current, I, flows in the negative x
direction; thus I is negative in Equation 15 for anodic protection or open circuit corrosion.t During
anodic protection with Egy,f in the passive region, the measured current can be cathodic as a result
of reduction of dissolved oxygen. Since the dissolved oxygen is not readily replenished inside the
cavity, the cavity surface, beyond the deepest point of oxygen transport into the cavity, can support
only the anodic reaction. Consequently, regardless of whether or not an oxidant is present in the
bulk electrolyte, current flows in the negative x direction through the cavity electrolyte, i.e., from
the anodic sites on the cavity wall to the cathodic sites on the outer surface (oxidant present) or to
the counter electrode in the absence of an oxidant during anodic protection.

On the other hand, if the current flow is in the opposite direction (positive x direction) within the
cavity electrolyte, as in the case of cathodic protection, the electrode potential in the cavity, Ey, is
more noble than the set potential at the outer surface, Egyf, where now 1 is positive in Equation 15
since I flows in the positive x direction. For more description of these factors in establishing the
potential distribution within cavities for cathodic and anodic polarization, the reader is referred to
References 28-31, 35-41.

We are now ready for an evaluation of the tendency for hydrogen evolution and absorption into the
metal from within the cavity, relative to the same tendency at the outer surface for both a protected
and unprotected surface. In the case of open circuit corrosion or an anodically protected surface,
the tendency for the h.e.r. and hydrogen absorption increases with increasing distance x into the
cavity. Very often, this means the situation changes from a condition at the outer surface where no

* In previous papers28-31.3541 Equation 15 was sometimes given as Ex = Egyrf - IRI for open circuit corrosion or
anodic protection, and as Ex = Egyf + IR for cathodic polarization except that the absolute magnitude of IR was
only implied. Equation 15 as presented above in the text is equivalent but can be used for all three situations since it
considers that the current 1 is negative when it flows out of the cavity (negative x direction) as in the case of anodic
protection and open circuit corrosion, and is positve when it flows into the cavity as in the case of cathodic
protection.
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hydrogen absorption occurs because Ecorr Or Egyrf is more noble than the h.e.r. equilibrium
potential, Eﬁq, to a condition beyond some distance into the cavity where Ej is less noble than Eﬁq,

ie, Ex< Eiq, and the h.e.r. occurs and hydrogen is charged into the metal from within the

cavity. Thus, the larger the IR in Equation 15, the greater is the tendency for hydrogen charging
into the metal from within the cavity during open circuit corrosion or anodic protection. On the
other hand, in the case of cathodic protection, the opposite tendency is encountered, i.e., with
increasing distance, x, into the cavity, the tendency for the h.e.r. and hydrogen charging into the
metal decreases compared to the tendency at the outer surface (whereas the tendency for oxidation
reactions, including metal dissolution, increases). This follows again from the basic criterion
expressed in Equation 15 which shows that Ex > Egyf, i.€., Ex is more noble than Egyf, for

cathodic protection. It follows (for cathodic protection) that the driving force, 1 for the h.e.r. for

constant Eﬁq is less (a less negative value of 1) at Ex than at Egyrf, where 1 is defined as the

departure of the electrode potential from Eeq, and the converse is true for anodic protection or
open circuit localized corrosion.

Conclusions

Theoretical and experimental results of the past decade in the authors laboratory have provided new
insight into two aspects of the hydrogen embrittlement issue, as follows:

(i) The Iyer, et. al., (IPZ) computational model has put the hydrogen permeation experimental
technique on a more rigorous basis than was previously available. As a result information about
the details of the hydrogen evolution and hydrogen permeation process can now be obtained from
the application of the model to the measured steady-state permeation rate as a function of charging
current density and membrane thickness. Thus, new understanding should be forthcoming on
how different variables affect the hydrogen charging process, such as the so-called poisons,
compressive stress in the surface, segregates in the surface layer, temperature, etc.. The first
application of the model for understanding how HaS promotes hydrogen entry nicely supports this
prognosis.

(ii) Applying the IR voltage concept of localized corrosion to the hydrogen entry question shows
that the tendency for hydrogen evolution and entry into the metal is affected by IR voltages in
cavities: For open circuit corrosion and anodic protection, the hydrogen charging tendency is
greater inside cavities and holidays than on the outer surface. The converse holds during cathodic
protection.
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Abstract

The susceptibility of an alloy to hydrogen embrittlement (HE) is critically affected by the
trapping of hydrogen at microstructural defects, so a knowledge of the trapping characteristics is
crucial in predicting the susceptibility to HE. Hydrogen trapping in various high-strength steels,
precipitation-hardened and work-hardened nickel-base alloys, and titanium has been investigated
using a technique referred to as hydrogen ingress analysis by potentiostatic pulsing (HLAPP).
HIAPP was found to be effective in evaluating the irreversible trapping characteristics of alloys
containing both single and multiple principal traps. The results showed that a range of
microstructural features can be identified as the principal irreversible traps and so demonstrated the
ability of HIAPP to provide a basis for explaining differences in the resistance of alloys to HE.
Furthermore, it was established that the irreversible trapping capability of the alloys can be
correlated with the susceptibility to embrittlement. Hence, HIAPP appears to provide a convenient
means of quantitatively characterizing the propensity of an alloy to undergo HE.

Key terms: hydrogen embrittlement, hydrogen trapping, potentiostatic pulse, high-strength alloys.

Introduction

The susceptibility of an alloy to hydrogen embrittlement (HE) is highly dependent on the
interaction of hydrogen with microstructural defects such as precipitates, grain boundaries, and
dislocations. These defects provide potential trapping sites for hydrogen and so critically influence
the series of events leading to failure. The accumulation of hydrogen at second-phase particles and
precipitates, for example, is generally considered to promote microvoid initiation via the fracture of
particles or the weakening of particle-matrix interfaces. Tr:azps with a large saturability and a high
binding energy for hydrogen are highly conducive to HE,}2 whereas metals containing a high
density of well-distributed strong traps (high binding energy) that have a low specific saturability
should be more resistant. Accordingly, a knowledge of the trapping characteristics is crucial in
predicting the susceptibility to embrittlement.

The approach currently used to assess HE susceptibility is based on time-to-failure results
from mechanical cracking tests. The disadvantage of these tests is that they require exposure times
typically of days or longer and are often laborious. Furthermore, the results are at best only semi-
quantitative, and it is frequently difficult, if not impossible, to discriminate between more resistant
alloys that do not fail within the given test period.

Over the last few years, hydrogen trapping in various high-strength alloys has been
investigated in our laboratory by using an electrochemical technique referred to as hydrogen
ingress analysis by potentiostatic pulsing (HIAPP).3-6 As the name indicates, the alloy of interest
is subjected to a potentiostatic pulse and the resulting current transients are analyzed by using a
model for hydrogen diffusion and trapping.7-8 Test data can be acquired rapidly (typically within a
few hours) for a range of charging potentials using only small bulk samples of an alloy. In
addition, the data yield both the hydrogen trapping constants and the rates of hydrogen entry into
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the aJloy. A crucial finding was that the hydrogen trapping constants represent an index of HE
susceptibility, and so it was shown that HIAPP can provide two key parameters required to
characterize the perforrnance of an alloy in an environment conducive to HE.

HIAPP has been applied to high-stre%gxh steels,34 precipitation-hardened and work-
hardened nickel-base alloys,4- and titanium,® and was found to be effective in evaluating the
trapping characteristics of alloys containing both single and multiple principal traps. In this paper,
we review the use of HIAPP as a technique for examining hydrogen ingress, particularly in terms
of irreversible trapping. The research was aimed at not only characterizing the susceptibility to HE
but also, wherever possible, identifying the dominant type of irreversible trap in different alloys.
In essence, the goal was to use the data provided by HIAPP as a basis for explaining differences in
the resistance of these alloys to HE.

Role of HIAPP

Techniques

Membrane permeation methods have been used extensively to determine diffusion and
trapping characteristics but they suffer from several disadvantages, as discussed elsewhere.? Long
charging times (of the order of days) may be required for hydrogen to diffuse through many
metals, especially those with a fcc lattice, thereby increasing the likelihood of changes in the
surface condition. If a surface film is present, progressive thinning of the film may result from
reduction, and the bare metal may eventually be exposed. Prolonged charging times may also
result in deposition of significant amounts of impurities on the cathode surface.

A further disadvantage is that most, if niot all, diffusion/trapping models for permeation
techniques are based on an input boundary condition of constant concentration, which implies that
they are strictly applicable only for charging conditions without any entry limitation. Hence,
existing permeation models may well yield incorrect values of diffusivity and trapping parameters,
if the prevailing boundary condition involves a constant or time-dependent flux. Unfortunately,
the limitations of the constant concentration condition are not always recognized, even though it
underlies virtually all permeation analyses involving trapping.

In the potentiostatic pulse technique, the metal is cathodically charged with hydrogen for a
certain time, and the potential is then stepped to a more positive value, resulting in an anodic
current transient associated with the reoxidation of H atoms as they diffuse back to the same
surface. Pulse methods are suitable for bulk specimens, siuce only a single surface need be
exposed to the electrolyte. Hence, they offer practical advantages over permeation methods in
terms of specimen shape and charging times. Also, diffusion in bulk specimens can be treated in
terms of a semi-infinite boundary condition, which is mathematically appealing.

Diffusion/Trapping Model For Pulse Technique

A model has been developed to allow for the effect of trapping on diffusion without or with
surface constraints; that is, for cases involving either constant concentration or constant flux at the
input surface. These two cases are characterized by the kinetics of hydrogen entry into the metal:
(1) pure diffusion control, in which hydrogen entry is assumed to be fast enough that equilibrium
is rapidly achieved between adsorbed and subsurface hydrogen; and (2) interface-limited diffusion
control (referred to simply as interface control), in which the rate of hydrogen ingress is controlled
by diffusion but the entry flux of hydrogen across the interface is restricted.

The interface control model s found to be applicable for all alloys studied to date.
According to this model, the total charge passed out is given in nondimensional form by’

Q'(=) = VR(1 - e RA(RR) - [1 - 1/(2R)]JerfVR) (1)




The nondimensional terms are defined by Q = g/[FJV(t/k,)] and R = k,t. where g is the
dimensionalized charge in C cm-2, F is the Faraday constant, and J is the ingress flux in mol cm™2
s 1. The c*arge ¢'(e) corresponding to Q'(e=) is equated to the charge (q,) associated with the
experimenial anodic transients; the adsorbed charge is almost invariably found to be negligible, so
q, can be associated entirely with absorbed hydrogen. &, is an apparent trapping constant measured
for irreversible traps in the presence of reversible traps and can be expressed by k(D,/D;) where £
is the irreversible trapping constant, D, is the apparent diffusivity, and Dy is the lattice diffusivity
of hydrogen in the metal.

Eq. (1) was fitted to data for g, as a function of t to obtain values of k, and J such that J
was constant over the range of charging times and &, was independent of charging potential, as is
required for the diffusion/trapping model to be valid, since the traps are assumed to be unperturbed
by electrochemical variables and remain unsaturated. The values of k3 and J can be used to
calculate the irreversibly trapped charge (¢) given nondimensionally by

Qr = [R12 - 1/2R12)Jerf(R1/2) + ¢"R/r1/2 )

The charge associated with the entry of hydrogen into the metal (g;,,) can be determined from its
nondimensional form of Q;;, = VR by using the value of k,. The data for gi,, ¢r. and the cathodic
charge (g.) can then be used to obtain two ratios: (1) The trapping efficiency (¢1/giq),
corresponding to the fraction of hydrogen trapped in the metal; and (2) the entry efficiency (gin/q,).
representing the fraction of hydrogen entering the metal during charging.

Trap Density

The density of particles or defects (N;) providing irreversible traé)s can be obtained from the
apparent trapping constant by using a model based on spherical traps:4:

N; = k,a/(4nd 2D,) (3)

where a is the diameter of the metal atom and d is the trap radius, which is estimated from the
dimensions of heterogeneities that are potential irreversible traps. The value of a for an alloy is
taken as the mean of the atomic diameters weighted in accordance with the atomic fraction of each
element. The predominant irreversible trap can be identified by comparing the calculated trap
density with the actual concentration of a particular heterogeneity in the alloy.

The assumption of spherical traps is an approximation in most cases. However, for
various alloys studied to date, the calculated trap densities have shown close agreement with the
concentrations of potential trap particles that are clearly not spherical, suggesting that use of a more
applicable trap geometry would make little difference in identifying the principal traps.

Experimental

The composition and yield strength of each alloy are given in Tables 1 and 2, respectively.
Also shown in Table 2 is the thermo-mechanical treatment used for each alloy. A number of the
alloys contained micrometer-size particles such as carbides or, in the case of 4340 steel, sultide
inclusions. The characteristic dimension of these particles was determined as the mean of the linear
dimensions in the exposed plane.

The test electrodes of each alloy consisted of a length (1.3-3.8 cm) of rod press-fitted into a
Teflon sheath so that only the planar end surface was exposed to the electrolyte. The surface was
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polished before each experiment with SiC paper followed by 0.05-um alumina powder. The
electrolyte was an acetate buffer (1 mol L-1 acetic acid/1 mol L-! sodium acetate) containing 15 ppm
As~Oj3 as a hydrogen entry promoter. The electrolyte was deaerated with argon for 1 hr before
measurements began and throughout data acquisition. The potentials were measured with respect
to a saturated calomel electrode (SCE). All tests were performed at 22 + 2°C. Details of the
electrochemical cell and instrumentation have been given elsewhere.3

The test electrode was charged with hydrogen at a constant potential E. for a time t, after
which the potential was stepped in the positive direction to a value 10 mV negative of the open-
circuit potential Eoc.3:78 Anodic current transients with a charge q, were obtained over a range of
charging times (0.5-60 ) at different overpotentials (n =E_ - E,.). The open-circuit potential of
the test electrode was sampled immediately before each charging time and was also used to monitor
the stability of the surface oxide; reduction of the film was evident from a progressive shift of Eq.
to more negative values with each t at a sufficiently high charging potential. A typical transient is
shown in Figure 1. Experimental and fitted values of ¢, for various charging times are compared
in Figure 2, which illustrates the level of agreement obtained for the alloys in this work.

Initial Application of HIAPP

The application of HIAPP to alloys was explored initially with a high-strength steel —
AISI 4340 (UNS G43400), and two nickel-containing alloys — Monel K-500 (UNS N05500) and
MP35N (UNS R30035).3 The aim was to determine their hydrogen ingress characteristics and
compare them in relation to differences in their HE susceptibility.

Hydrogen Ingress Characteristics

The values of k5 and k are shown in Table 3. k, was found to be independent of heat
treatment in the case of 4340 steel. Initial results3 for alloy K-500 indicated that there was no
apparent difference in trapping behavior between the unaged and aged alloy, but improvements in

data aquisition have since revealed that the trapping constant of the aged alloy is a little higher than
that of the unaged alloy.10

The values of both k and J are higher for 4340 steel than those for alloys K-500 and 35N.
Hence, both of these parameters are consistent with the steel being more susceptible to HE than the
two nickel-containing alloys. The reduction of H* and subsequent entry of H atoms into alloys K-
500 and 35N occurred on an oxide-covered surface, which undoubtedly explains the lower
hydrogen flux for these alloys. Perhaps of more significance in terms of susceptibility is the nature
of the trreversible traps reflected by the values of &. This issue was explored further by calculating
the density of irreversible trap defects (commonly second-phase particles and precipitates) from k,
[Eq. (3)] and comparing it with the actual defect concentration in the alloy.

Identification of Traps

4340 Steel. The trap density was calculated in terms of MnS inclusions and was found to be in
reasonable agreement with the actual concentration of inclusions, indicating that they did indeed
provide the primary irreversible traps in this alloy. The lack of change in k, and therefore N; with
heat treatment was further evidence that the irreversible traps were asociated with some stable
species such as MnS inclusions.

Alloys K-500 and 35N. HE in Ni-Cu base alloys and alloy 35N is known to be assisted by
sulfur and phosphorus segregated at grain boundaries.!1:12 Since hydrogen also probably
segregates to the grain boundaries as in Ni,13 grain boundary S and P were assumed to provide the
irrcversible traps predominantly encountered by hydrogen in alloys K-500 and 35N. However, a
lack of data for S and P segregation in these alloys makes it difficult to verify the nature of the traps
by the approach used here.
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The density of irreversible traps provided by atomic S and P is three orders of magnitude
less than the overall S and P content determined from the alloy composition (Table 1). Hence, it is
clear that, providing that S and P are the principal irreversible traps, any useful comparison of N;j
must be made with respect to grain boundary concentrations. Subsequent work> on Hastelloy C-
276 (UNS N10276) has shown that it is possible for the trap density to agree closely with the
amount of grain boundary P distributed per unit volume of the alloy. Hence, it does seem
reasonable in the case of alloys K-500 and 35N to consider S and P at grain boundaries, rather
than in the bulk alloy, to be the primary irreversible traps.

Rationale for HE Susceptibility

Two significant findings emerged from this work in terms of rationalizing differences in the
HE susceptibility of the three alloys. First, values of k and J for 4340 steel were higher than those
for alloys K-500 and 35N. Second, the irreversible traps in the steel appeared to be associated
with inclusions, whereas those in alloys K-500 and 35N were considered to be elements
segregated at grain boundaries. The difference in both the nature of the irreversible traps and the
interfacial flux must play a major role in the different susceptibilities of the steel and the two Ni-
containing alloys. The sulfide inclusions, in particular, can be linked to the susceptibility of 4340
steel, since they are strong traps with a large hydrogen capacity; in other words, these inclusions
possess the two characteristics that are most detrimental.

Further Application of HIAPP

The application of HIAPP was extended to alloys of various groups: Precipitation-
hardened alloys — Inconel 718 (UNS N07718), Incoloy 925 (UNS N(09925), and 18Ni maraging
steel; work-hardened alloys — Inconel 625 (UNS N06625) and Hastelloy C-276;5 and pure
(99.99%) and grade 2 (UNS R50400) titanium.6 In the case of pure Ti, the anodic charge was
invariant with t, indicating that negligible hydrogen enters the metal. The resistance of pure Ti to
hydrogen entry was attributed to the surface film, which is known to be a highly effective barrier.

Hydrogen Ingress Characteristics

The mean values of k, and k are summarized in Table 3. The maraging steel has the
highest value of &, followed by alloys 718, C-276, 925, Ti grade 2, and alloy 625. Stress-rupture
tests during electrolytic charging have shown that 18Ni (1723 MPa) mara%ing steel undergoes
severe embrittlement, whereas alloy 718 exhibits negligible susceptibility.14 In addition, test
results suggest that Incoloy 903 (UNS N09903)!3 and, by implication, alloy 925 are less sensitive
than alloy 71814 to HE. Hence, the irreversible trapping constants for the precipitation-hardened
alloys are consistent with their relative susceptibilities to HE.

A similar comparison of the susceptibilities of alloys C-276 and 625 is complicated by their
sensitivity to the amount of cold work performed in each case. However, the ranking of these
alloys can be assessed indirectly from previous studies of alloys C-276 and G (UNS N06007).16
The composition of alloy G is comparable to that of alloy 625, and it can be reasoned? that, for the
degree of cold work involved, alloy C-276 should be more susceptible to embrittlement, as indeed
indicated by the trapping constants. The susceptibility of alloy C-276 relative to the other alloys,
as reflected by its trapping constant, is subject to some question because of the uncertainty in k.

Titanium grade 2 exhibited two values of k, depending on the level of hydrogen present in
the metal. The similarity in trapping constants for Ti grade 2 and alloy 925 fits their relative
resistance to HE in that long exposure times are required for the concentration of hydrogen to
exceed the level necessary to result in a loss of mechanical properties.15:17 Furthermore, the
higher trapping constant coincides with the increasing susceptibility to embrittlement with
hydrogen concentration due to hydride precipitation.
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Identification of Traps

Alloy 718. The irreversible traps were assumed to be niobium carbide particles, and the
density of trap particles was calculated to be 2.0 x 1013 m3, as compared with 2.2 x 1013 m3 for
the actual concentration of carbide particles. This close agreement was remarkable in view of the
spherical shape assumed for the traps and carbides, but it indicates clearly that large traps with both
a high surface area and a high trapping energy can overwhelmingly dominate the irreversible
trapping behavior of an alloy.

Alloy 925. TiC particles were assumed to provide the irreversible traps in Incoloy 925, and the
density of trap particles was calculated to be 4.1 x 1013 m3, The actual concentration of carbide
particles (4.6 x 1013 m3) and the trap density were again found to be in close agreement, despite
treating both the traps and carbides as spherical.

18Ni Maraging Steel. A combination of irreversible traps and quasi-irreversible traps appeared
to be present in this alloy. The quasi-irreversible traps were difficult to identify, although
autoradiography studies have shown that trapping occurs at grain boundaries and martensite
boundaries in maraging steel.18 Both sites appear to be moderately strong traps. However, grain
boundaries are generally considered to be reversible traps in ferritic steels, and so the martensite
boundaries may well be stronger traps. The martensite boundaries, like grain boundaries, !9 were
assumed to have an influence diameter of 3 nm, which gave a trap density of 9 x 1017 m-3.

The irreversible traps were able to be identified more closely with qualified support from
the comparison of Nj with particle concentration. Trapping has been observed at carbo-nitride
interfaces in maraging steels,!8 and so the density of irreversible traps was calculated on the basis
of TiC/Ti(CN) particles. Nj was found to be 3.4 x 1011 m"3, as compared with (1.1 + 0.6) x 1013
m3 for the actual concentration of particles. The two values differ by a factor of ~30, which can
largely be accounted for by uncertainties in both the concentration of particles and the value of D,
assumed for the maraging steel. In view of these uncertainties, the calculated trap density and
carbide/nitride concentration were considered to correlate moderately well.

Alloy 625. NbTi carbide particles were assumed to act as the principal irreversible traps, and
the density of trap particles was calculated to be 2.5 x 1013 m™3, Since there was some uncertainty
in D, for this allo., the trap density was regarded as being in good agreement with the actual
concentration of particles (7.4 x 1013 m3).

Alloy C-276. The trapping behavior can be interpreted on a similar basis to that for 18Ni
maraging steel, in which both irreversible and quasi-irreversible traps exist. The quasi-irreversible
trapping was consistent with the formation of an unstable hydride during charging. In the
irreversible case, the traps were clearly different from those in the other cold worked alloy (625),
since carbide particles appeared to be absent in alloy C-276. The HE susceptibility of this alloy,
like that of alloy 35N, has been correlated with the concentration of phosphorus segregated at grain
boundaries.20 Hydrogen probably segregates to the grain boundaries also in this case, so grain
boundary P was again assumed to provide the irreversible traps. It should be noted that although P
may play a role in alloy 625, the carbide particles appear to dominate the irreversible trapping.

The concentration of grain boundary P was estimated on the basis of a simple
microstructural model involving cubic grains of length b (in m).5 By using data for P enrichment
at grain boundaries in alluy C-276,20 it was shown that the amount of grain boundary P per unit
volume (Cp) is given by 9 x 1016/b atoms m-3. The value of b for the C-276 alloy was estimated
to be 10 um, and therefore, Cy, was calculated to be ~9 x 1021 P atoms m3. In contrast, the total P
content of the alloy corresponded to 8.6 x 1024 atoms m-3, while the trap density calculated on the
basis of atomic P was found to be 1.9 x 1022 m-3. The close agreement between the values of Cy,
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and N; was somewhat fortuitous but demonstrated that grain boundary P can in fact provide the
primary irreversible traps.

Titaniym Grade 2. The increase in trapping constant at a high enough overpotential can be
ascribed to an additional type of irreversible trap participating concurrently with the irreversible
traps detected at low overpotentials. The trap density at low hydrogen levels was calculated in
terms of the minor elements (C, N, O, and Fe), and it was found that all of them except nitrogen
could be discounted as the principal irreversible trap. Interestin gly, among the interstitials,
nitrogen is particularly effective in reducing the ductility of titanium,2! which coincides with its
apparent role as the principal trap. Hence, nitrogen may strongly affect the susceptibility of Ti
grade 2 to HE through its combined influence on brittleness and hydrogen trapping.

The additional trapping constant obtained at high hydrogen levels [E; <-0.93 V(SCE)] is
probably associated with the accelerated formation of hydrides reported 22 to occur at potentials
more negative than -1.0 V (SCE). A decrease observed in the entry efficiency (Figure 3) in this
potential region is consistent with the presence of a partial barrier to hydrogen entry and so
provides support for the formation of a thick hydride layer.

Rationale for HE Susceptibility

Two key features marked the work extending the use of HIAPP. First, the trapping
capability of the individual alloys was shown to be consistent with their relative susceptibilities to
HE. Second, a range of microstructural features were identified as the predominant irreversible
traps, present as either a single type or multiple types.

Alloys 625, 718, and 925 were each characterized by a single type of irreversible trap —
(NbTi)C, NbTi(CN), and TiC particles, respectively — whereas alloy C-276 and 18Ni maraging
steel were characterized by both an unidentified quasi-irreversible trap and an irreversible trap
thought to be grain boundary phosphorus in the case of alloy C-276 and TiC/Ti(CN) particles in
the case of the steel. Ti grade 2 exhibits two types of irreversible trap — probably involving
interstitial nitrogen and hydride formation — depending on the concentration of hydrogen in the
metal. The type of trap defect tends to be reflected by its size, so the type, togcther with the defect
concentration (Nj) and the hydrogen diffusivity, determines the magnitude of k.4 Thus, in view of
the diversity of microstructural features that act as the predominant traps, it is not surprising that
the HE susceptibility varies considerably between alloys.

Ranking Susceptibility to Hydrogen Embrittlement

The irreversible trapping constants for all the alloys tested in this work are listed in Table 4
in descending order. Clearly, there is a strong correlation between the HE susceptibility and the
trapping capability of the alloy as represented by k. The trapping constants, as might be expected,
indicate that the 4340 steel is the most susceptible, followed by the maraging steel, which is
predicted to be somewhat less so on the basis of its k. The sequence of k values for the two steels
is in agreement with experimental results, which showed that 4340 steel was more susceptible to
hydrogen-induced cracking than 18 Ni(250) maraging steel.23 At the other extreme, the low
trapping cg‘{lstant for alloy 35N is consistent with the high resistance to HE found in practice for
this alloy.

It is difficult to determine whether the two cold-worked alloys follow the observed pattern
for the trapping constants because of a lack of relevant results for HE. Moreover, some
uncertainty in the values of k for alloys C-276 and 625 compounds the difficulty in evaluating the
position of these alloys in Table 3, other than noting that, as discussed above, the C-276 alloy in
this study is somewhat more susceptible to embrittiement than alloy 625. The position of alloy 625
is comparable to that of alloy 35N within the uncertainty of k. Failure tests?4 indicate that alloy
625 with 17% cold work should be at least as resistant to HE as alloy 35N in the condition (40%
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cold reduced and aged) of interest in our work. In fact, the Inconel may be more resistant than the
alloy 35N specimen, as implied by their different values of k. Hence, the trapping constants of
alloys 625 and 35N appear to be consistent with the relative HE susceptibilities.

Summary

A correlation was shown to exist between trapping capability and HE susceptibility for a
wide range of alloys. In the case of 4340 steel and 18Ni maraging steel, the trapping constants
reflect their relatively high susceptibility, whereas the nickel-base alloys display less trapping
capability than the two steels and, as expected, are found to be more resistant to HE. Differences
in the resistance of the nickel-base alloys are smaller than those for the steels, but they can still be
resolved from the trapping constants. In particular, the trapping constants for alloys within groups
defined by thermo-mechanical treatment (precipitation- and work-hardening) are consistent with
their relative susceptibilities to embrittlement. Thus, HIAPP appears to provide a convenient
means of quantitatively characterizing the susceptibility of an alloy to HE. In addition, a range of
microstructural features can be identified as the predominant irreversible traps, either singly or in
the presence of multiple principal traps.
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Table 1
ALLOY COMPOSITION (wt %)

Alloy Al C Co Cr Cu Fe Mn Mo NI P S Si Ti Other
4340 Steel 0.031 0.42 089 019  bal 0.46 021 174 0.009 0.001 0.28 0.005 N, 0.001 O, 0.05 Ca
18Ni Steel 013 0009 915 006 011  bal 0.01 482 1842 0.004 0001 004 065 0.003B,0.01W,0022Z
K-500 292 0.6 2999 064 072 64.98 0.001 0.15 0.46
35N 0.003 bal 2019 0.34 <0.01 955 3588 0.003 0.002 002 085
718 060 003 016 1897 0.04 1625 010 3.04 5441 0.009 0002 011 098 0.003B,5.30 Nb+Ta
925 0.30 0.02 2220 193 2896 062 2.74 4095 0.001 017 211
c-278 0.002 083 1527 584 048 1804 575 <0.005 <0.002 <0.02 390W
625 0.18  0.03 22,06 437 017 870 6033 0.012 0.001 038 027 0.12V,3.50Nb+Ta
Ti grade 2 0.021 0.17 bal 0.007 N, 0.16 O, <0.005 H
Table 2

Thermo-Mechanical Treatment of Alloys

Alloy Heat Treatment® Test Condition Yield Strength (MPa)

4340 Steel Annealed Austenized/Tempered 1206

to HRC 41 and 53 &1792
18Ni Steel Aged (482°C, 4 hr) As received 1954
K-500 Cold drawn, unaged As received 758

Aged (600°C, 8 hr) 1096
35N Cold drawn and aged As received 1854
718 Hot tinish, solution treated As received 1238
925 Hot finish, annealed, aged As received 758
625 Hot finish, annealed 17% cold work 1195
C-276 Hot rolled 27% cold work 1237
Ti Grade 2 Annealed (620°C, 1 hr) As received 380
3 Provided by producer.
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Table 3

Trapping Parameters

Alloy kg (s°1) Dr/Dy k (s)
4340 Steel 0.008 + 0.001 500 40+ 05
K-500 Unaged 0.017 £ 0.003 2.0 0.034 + 0.006

Aged 0.021 + 0.003 2.0 0.042 + 0.006
35N 0.026 + 0.002 0.026 £ 0.002
718 0.031 + 0.002 40105 0.124 + 0.024
925 0.006 £ 0.003 46106 0.034 + 0.004
18Ni Steel 0.005 + 0.002 300 £ 90 150+ 1.05
0.010 + 0.0052 300 + 90 3.00 £ 2.40
625 0.004 + 0.002 26+08 0.014 + 0.010
C-276 0.025 + 0.003 26108 0.090 + 0.030
0.019 + 0.0102 26108 0.068 + 0.051
Ti pure nab 1 na
Ti grade 2 0.028 + 0.002 1 0.028 £ 0.002
0.012 + 0.006° 1 0.012 £ 0.006

a Quasi-imeversible trapping; 2 na = not available; ¢ Hydride formation.

i Table 4
lrreverslb]e Trapping Constants
Alloy k (s-1)
4340 steel 40105
18Ni (300) steel 1.50 £ 1.05
718 0.128 + 0.024
C-276 (27% cw?) 0.090 + 0.030
K-500 0.040 £ 0.010
Ti grade 2 (high H) 0.040 + 0.008
925 0.034 + 0.004
Ti grade 2 (low H) 0.028 + 0.002
35N 0.026 + 0.002
625 (17% cw) 0.014 + 0.010
8cw = cold work
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Abstract

The purpose of this investigation was to evaluate the effects of three different types of surface
modifications on the hydrogen embrittlement (H.E.) of 4130 steel. The surface modification processes
employed here were laser surface hardening, cold rolling and shot peening . The specimens were fully
annealed before the test, and then subjected to the surface modifications listed above. To assess the
degree of H.E., slow strain rate tensile test (C.E.R.T.) and constant load rupture test (C.L.R.T.) were
carried out in NACE HjS-saturated solutions. Under external stress application, cracks were found
near the interface of the hardened zone and the base metal. Consequently, the ductility of the specimens
was severely degraded. In the case of cold rolling, the results in this work suggest that cold rolling
increased the resistance to H.E. under all types of loadings. It was mainly because of the compressive
stresses on the surface and the amount of uniform trapping sites produced by cold rolling. The critical
amount of rolling under which no cracking was found, however, depended on the steel composition,
heat treatment as well as the service conditions. Shot peening resulted in a residual compressive stress
on the surface, thus retarding the formation of crack induced by hydrogen. The amount of loading was
found to have a significant effect on the H.E. susceptibility of steel after shot peening. For instance, it
was sensitive to H.E. when the external stress applied was higher than the yield strength of material.
However, when the applied stress was lower than the yield strength, the compressive stress resulted
from shot peening can resist H.E..

Keyterms: AIST 4130 Steel, hydrogen embrittlement, laser surface hardening, cold rolling, shot
peening
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Introduction

There are many failure modes in petroleum refining processes. Figure 1 illustrates examples of
failure for furnace tubes : oxidation, external crack, degradation, creep, corrosion, hydrogen attack and
carburizationl. Thus ways to prevent premature failure of steel induced by hydrogen are always
emphasized in the petrochemical industry. The purpose of this investigation was to study the effects of
surface modification on the hydrogen embritttement (H.E.) of AISI 4130 steel. A high power CO laser
provided a controllable, precise energy source for phase transformation of steels to produce a
martensitic layer on the steel surface. The existence of this martensitic layer delays the hydrogen

diffusion into the steel. Many reports 2,3 state that shot peening and cold rolling also increase the
resistance of a stccl to hydrogen embrittlement. This is because these types of cold deformation
increase the dislocation density, produce a compressive stress on the steel surface, and change the
hydrogen diffusion gath However, adverse effects of cold working have also been reported on

spheroidized 1045 4.5 and 1095 36 steels. It is possible that the cold working can enhance hydrogen-
induced failures by facilitating the particle-matrix separation, void initiation and growth, local stress
concentration caused by plastic incompatibility and particle cracking. These contrasting results illustrate
the complexity of the effect of cold working, and that different types of steel, because of their chemical
compositions and microstructures, might behave differently after surface treatment. This paper focuses
on the evaluation of the above different surface modification techniques for resisting hydrogen
embrittlement in the 4130 steel.

Experimental Procedure

The chemical composition of AISI 4130 steel used in this work was determined by XRF analysis

(Table 1). Before surface modification, specimens were austenised at 870°C for 1 hour, then furnace-
cooled to room temperature. The resulting microstructure was a ferrite/pearlite banded structure(figure
2), with a hardness around Hv 200. The specimens were then subjected to different kinds of surface
modifications. In order to increase the absorptivity of specimen during the laser surface hardening,
black paint was coated on the surface before the laser surface treatment. The laser power, traveling
speed and defocused distance were 1200 watts, 2500 mm/min and 15 mm respectively. Careful
controlling of the laser treating process was followed in order that the surface layer of the material
exceeded the austenising temperature. Overheating the specimen which might give rise to melting was
avoided. In the cold rolling process, the specimens were subjected to different degree of rolling
reductions (10%, 20% and 30%). To avoid specimen distortion, each pass of the cold rolling was less
than 2% reduction. Shot peening conditions used in this work are shown in Table 2. Shot peening for
10 minutes was found to be the best condition after preliminary testing on H.E., it was then chosen to
evaluate the effects of shot peening treatment. Hydrogen charging following the specifications of
NACE TM-01-77 (5% NaCl +0.5% acetic acid ) was used to evaluate the degree of H.E.. During
tensile testing, HpS was charged continuously into the solution to ensure that the solution was

saturated with the gas. Both constant extension rate tensile testing (CERT) and constant load rupture
testing (CLRT) were employed. In CERT, three different extension rates (5%10-6, 10%10-6 and 20*10

6 sec-1) have been used. Figure 3 shows the dimensions of the tensile specimens . The loss in
elongation of specimens with hydrogen charging, as compared to that of the hydrogen-free specimens,
was chosen as the index on H.E. susceptibility. For CLRT, a load corresponding to 70%, 80% and
90% of the tensile yield stress of materials was applied to the specimen while being hydrogen charged.
The time to failure (TTF) was recorded as an indication of the H.E. susceptibility.

Results and Discussion
Laser Surface Modification
Martensitic layers were produced by the laser treatment. The interaction time between laser beam

and specimens was so short that banding was retained after the hardening. Figure 4 shows the cross-
sectional hardness of a specimen after laser treatment. An average hardened layer of about 0.5 mm was
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formed. Figure 5 shows the load-elongation curves of specimens. When the specimens were charged
with H2S, the U.T.S. and elongation decreased significantly. On application of an external load,

microcracks were formed in the martensitic layer. When the stress level increased, the cracks
propagated through the specimen. At the same time, hydrogen was transported to the cracks. So
U.T.S. and elongation were decreased by the action of hydrogen in the crack tip. The same
phenomenon was also observed under constant load rupture testing. Figure 6 shows the micrographs of
failure specimens. There were several cracks on CERT and CLRT specimens if HyS-charged. Figure 7

shows the elongation loss under different strain rate tensile testing. Figure 8 shows the time to faiiure
under different applied stress. When an external stress was applied, cracks were produced quickly in
the martensitic layers. These cracks propagated through the specimens and failure occurred shortly.
Thus under external stress condition, laser hardening was found to be detrimental to the H.E. resistance
of 4130 steel.

Cold Rolling Treatment

Figure 9 shows that without hydrogen charging, the U.T.S. of cold-rolled specimens increased
with increasing amount of cold deformation, and that it also decreased slightly with increasing strain
rate. It is very obvious from the CERT and CLRT studies that the susceptibility of steel to hydrogen
embrittiement was significantly reduced by cold working. In Figure 10, where the results of elongation
losses of the hydrogen-charged specimens is plotted against the degree of cold rolling, it is evident that
under constant extension rate, the specimens suffered more elongation loss when a slower extension
rate was used. This was as expected since with a slower extension rate, more hydrogen was allowed to
diffuse to the stress concentration sites, hence allowing hydrogen embrittlement to take place. Figure
10 also shows that the elongation losses decreased with increasing degrees of cold rolling, a result that
was different from that obtained in CLRT (Figure 11). Thus in CERT, a specimen with 30% rolling
reduction was more resistant to H.E. than that with 20% or 10% reduction, while the opposite result
was observed in CLRT. An explanation for this apparent discrepancy is given as follows. Cold rolling
increased the dislocation density, created heterogeneity, and depending on the degree of deformation,
some voids or small cracks were formed in the steel. For CERT, the testing duration was less than 6
hours. Taking into account the relatively short charging periods, only a limited amo nt of hydrogen
can diffuse into the specimens. With increasing degree of cold deformation, hydrogen diffusion was
slow, and the hydrogen was evenly distributed in traps such as deformed grain boundaries, microvoids
or microcracks, dislocations etc. Thus a critical hydrogen concentration, C, which gave rise to
hydrogen embrittlement, could not be achieved easily. Consequently the degree of H.E. for 30%
reduction specimens was reduced. On the other hand, for un-deformed or lightly deformed specimens
(e.g.. 10% reduction), hydrogen diffusion in these specimens was high, and there were relatively less
number of defects available for innocuous hydrogen trapping. In this case hydrogen diffused to the
cracking zone easily and induced failure. However, for CLRT the situation was different. The
hydrogen charging period was ten times or more than that in the CERT. Diffusion of hydrogen was no
longer a problem and all the traps were filled with hydrogen. Thus the specimens with 30% reduction,
which have more defects and microvoids with a large amount of hydrogen within these traps, were
more prone to hydrogen embrittlement than those lightly deformed specimens. In a study on the
stepwise cracking (SWC) of cold-rolled steel, where the stress-free specimens were immersed in
NACE H3S solution for 96 hours, it was found that the cold rolling increased the SWC resistance of

the specimens, but the resistance diminished as the degree of cold rolling exceed 15%(7). In summary,
the above results of CERT and CLRT can be explained by the trapping theory, and the effect of cold
rolling varied with the form of stress application and the hydrogen charging period.

Shot Peening Treatment

Figure 12 shows the results of CERT of specimens after shot-peening. Elongation loss of these
specimens was higher than that of the as-received specimens. Figure 13 shows the results of CLRT of
shot peened specimens. The result obtained was different from that obtained in CERT . In CLRT, a
specimen after shot peening treatment was more resistant to H.E. than the as-received one. Shot
peening treatment created localized deformation and increased heterogeneity in the steel. It also induced
a compressive stress on the surface. In CERT, the treatment could change the surface stress
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distribution, destroy the compressive stresses on the surface, and allow hydrogen to reach stress
concentration areas easily . The higher stress level in CERT, as compared with that in CLRT, may also
reduce the critical hydrogen concentration levels required for hydrogen embrittlement. In any case both
factors increased the H.E. susceptibility of the specimens. For the CLRT results, hydrogen transport
by dislocation was not so obvious when applied stress was lower than yield stress of material. The
movement of dislocations at these stress levels was very much restricted, and diffusion was the main
mechanism for hydrogen transport. This is the reason why the shot peening specimen could help in
resisting hydrogen embrittlement . Figure 14 shows the fracture mode of charging-free and charged,
shot peened specimens. Under a charging-free condition, the specimens shows ductile failure with a
dimple pattern that can be seen clearly. After H2S charging, metals were embrittled severely by
hydrogen, the fracture mode of the base metal changing from ductile to quasi-cleavage failure.

Conclusions

For the safe and economical operations, it is necessary to investigate the effect of different types
of surface treatment on the hydrogen embrittlement of the AISI 4130 steels. Three major conclusions
were obtained which provide some information on the prevention of material failure in hydrogen
charging environment:

1. For the laser-hardened specimens, cracks were found near the interface of the hardened zone and the
base metal under tensile stress in hydrogen charging environment. The mechanical properties were
severely degraded. Thus suggests that laser surface hardening is not a suitable way for improving the
hydrogen embrittiement resistance of steels under external stress.

2. Cold rolling can reduce the sensitivity of AISI 4130 steel to hydrogen embrittlement. This is due to
the increase in dislocation density and defects which delays the hydrogen diffusion in the steel. The
defects may act as innocuous trapping sites for hydrogen. The optimum degree of cold rolling may
depend on the service conditions such as the stress state, hydrogen contents etc.

3. Shot peening made the steel more resistant to hydrogen embrittlement than the as-received condition
if the applied stress was lower than yield strength of material.
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Table I. Chemical composition of AISI 4130 steel by XRF analysis

Table 2. Conditions of shot Peening used in this experiment

ball hardness | HRc 55~ 60
ball diameter| 0.4 ~ 0.7 mm
motor power 5hp
motor speed | 1720 rpm

Material| [<¢ C Si Mn Cr Mo
4130 {-Bal-[.31510.26/0.49].0041.003 | 0.2710.99 10.16

Qdation External Degradation  Creep

\Corrosion Attack Carburization

crack
\ & \ " |Furnace
! Tube
/ / / Failure
Hydrogen

~

_/

Figure 1. Typical failure modes of furnace tubes in refining processes

Figure 2. Microstructure of steel hefore surface nodification
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~J
(-

)
=)
T

o
QO
f

Elongation Loss (%)

[ | © As-Received
A Laser Treating
| | i ]
5 10 15 20 25
Extension Rate*10 E-6 (1/scc)

Figure 7. Elongation loss of laser-treated specimens
under different strain rate tensile testing

H
=
T

I— ———
~90 (1 As-Received
%)}
5»; vy, Laser Ilcalm;: 1
o R S
58()
i
2 S
I S
<7007

! 1 Nl
50 100 150 200 250 300

Time to Fatliac (hrs)
Figure 8. Time to failure of laser treating specimens under different applied load

2373




105

U.T.S. (kg/mm*)

- sevee 5 x 10::
45 - »eses 10 x 1078
: seees 20 X 10

30~
0 10 20 30 10
Cold Rolling (percent)

Figure 9. Results of U.T.S. of the tensile specimens against the degree
of cold rolling treatment under different strain rate

70
@® 51066
© 10" 10E-0
SO S 4 A 20106
@ ®
g 50 g
% : Q A
2 Q
= a0l O
o o
£ R ® ©
& 30 7y 4
5 ? $
20} 4
A
1o} 2
| | | ' '
10 20 30

Cold Rolling (%)

Figure 10. Elongation luss of cold-rolled specimens under different strain rate

2374




(] As-Received
1 (] 10% Cold-Rolling
~ 90 ] 20% Cold-Rolling
% E NN 30% Cold-Rolling
R
g 30 T 7 .
T
3
E : -
! |

| L |
50 100 150 200 250 300
Time to Failure (hrs)

Figure 11. Time to faiure of cold-rolled specimens
under different amount of applied stress

80" b

] o— o | m (] As-Received
\.

W72 Shol Peening

O
(o)

~J
(=]
T

T

_ @ Shot Peening
© As-Received

‘N
Q

Elongation Loss (%)
[*))
S
[
Applied Load ( %Y.S.)
0
2

~J
j-)
R

40t
S0 15 a0 s 50100 TS0 200 250 W
Extension Rate*10 E-G (1/sec) B Time (o~F1ilurc (hrs) ) )
Figure 12. Elongation loss of shot-pecned Figure 13. Time to failure of shot-peened

specimens under different strain rate specimens under different a